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ABSTRACT

A n apparatus for measuring the oxygen consumption of blue
gill sunfish, Lepomis m a c r o c h i r u s , is described and techniques for
its use discussed.

The effects of three concentrations

and 5.0 parts per billion)

of five insecticides

(0.1, 1.0,

(chlordane, DDT,

lindane, malathion, and parathion) were measured and analyzed sta
tistically.

These analyses,

called F tests,

showed that there were

highly significant differences between the effects of the insecti
cides on bluegill oxygen consumption,

regardless of concentration.

Statistical differences in the effects on bluegill oxygen consump
tion w e r e also noted between the effects of the three concentra
tions, regardless of insecticide, and the effects of. the three
concentrations of the five insecticides tested.

No statistical

differences were noted in the comparisons of the effects of elapsed
time w i t h the insecticides without consideration of concentration,
concentrations without consideration of insecticides,

or concentra

tions of insecticides.
Correlations with the effects of insecticides reported on
other animals were attempted but showed that knowledge of the p hy
siology of fish has not progressed to the point at which the effects
noted m a y be compared.

The fish were noted to produce great quant i

ties of mucus w h e n exposed to the chlorinated hydrocarbon insecti
cides,

lesser amounts in the organic phosphorus insecticides,
vii

and

viii
relatively little in the controls.

Correlations of this mucus produc

tion with oxygen consumption was not possible.

INTRODUCTION

Much emphasis has b e e n placed in recent years on the problems
of poisoning the environment with the residues and waste products of
man's activities.

Public attention was focused on the broad spec

trum chemical insecticides by Carson (1962) who vividly portrayed an
area without springtime animal life because of the use of these toxic
chemicals the previous year to kill noisome insects, mites, weeds,
rodents, and other pests.

However, as pointed; out by Brinkley

(1964),

m a n cannot maint a i n without pesticides the high rate of agricultural
productivity necessary to feed a rapidly burgeoning population nor,
as stated by Jukes

(1963), can h e afford the waste of human resour

ces by arthropod-borne diseases.
To reconcile this quandary,

research has been undertaken to

discover efficient means of insecticide handling and the effects of
residues of the poisonous materials upon the public health
1960),

farm products

wildlife

(Cottam,

(Nelson, £t: al.

(1944; Bishopp,

(Hayes,

1950), and

1965).

Not the least of the effects of insecticide residues are the
fish kills

in streams and other bodies of water caused by runoff

(Young and Nicholson,

1951);

therefore, much of the research on the

effects of insecticides on aquatic biota has centered on the tox
icity of these materials.

Among the authors who have conducted

this type of study are Henderson,

et _al,

(1959), Filteau (1959),

Bridges and Andrews

(1961), Cope

(1961), Katz

(1961), Nicholson,

a l . (1962),

Pickering, et al.

(1962), Muncy and Oliver

son, et al,

(1964), and Croker and Wilson (1965).

et

(1963), Fergu-

Elucidation of the physiological effects of pesticides has
progressed to the greatest extent with arthropods,
sects and c r u s t a e c a n s ,and with mammals,

specifically in

specifically rats and mice.

Among the numerous reports concerning the action of insecticides on
insects are the reviews by Kearns
Winteringham and Lewis

(1956), Spencer and O'Brien (1957),

(1959), Fukuto (1961), and Gilmour

(1961).

Among the studies of the effects of insecticides on mammalian p h y 
siology are those of Nelson, et al.
Emmel and Krupe

(1944), Woodard,

(1946), Nelson and Woodard

and Dale and Quimby (1963).

et _al. (1944),

(1949), Hayes

(1959),

There has been considerably less study

of the effect of insecticides on the physiology of fish than of the
effects on arthropods and mammals;
of these materials,
other animals.

therefore,

to compare the effects

one must consult the literature concerning these

The general physiological responses of intact fish

to insecticides may be expected to be similar to those of both
arthropods and mammals; however,

specific responses ma y be quite

different.
Aquatic arthropods exposed to insecticides exhibit responses
that have not yet b e e n studied in fish.

Jensen and Gaufin (1964)

found in two species of stonefly naiads that the osmoregulatory
mechanisms were disrupted to the extent of forcing the alimentary

canal out of the mouth by increased hemolymph volume due to absorbed
water.

Tobias, et al.

(1946) found that the amount of free acetyl

choline rises in crawfish after exposure to DDT.
berg

Hawkins and Stern

(1964) chromatographically studied the degradation products in

the blood and the effects of these products on the nerves of craw
fish and roaches prostrated by DDT poisoning.
chemically,

They found a material

biologically and chromatographically different from DDT

present in the blood and that this material caused death when in
jected into healthy crawfish and roaches.
Studies of the physiological effects of insecticides on fish
are few in comparison to the number conducted with arthropods and
mammals.

H o l d e n (1962)

found that the rate of uptake of C ^ -

labelled DDT from water and detritus by goldfish was significant.
Bridges

(1961) found that more of the larger and older salmonids

exposed in large outdoor tanks and ponds survived exposure to DDT
than did the smaller, and younger ones.

Cope

(1960) studied the

accumulation of DDT by trout and whitefish and showed that the in
secticide was stored to the greatest extent in the body fat and in
progressively smaller amounts in the kidneys, pyloric caeca, and
muscles with none being found in the liver.

Burdick, et ail. (1964)

found no relationship between the concentration of DDT in the
bodies of adult lake trout and the eggs laid.

They found a direct

relationship between the mortality of fry and the concentration of
DDT in their bodies.

Allison, ej:

aL.

(1963) correlated concentra

tion of DDT with reproduction in fish but found no loss in the

number or volume of eggs because of DDT exposure.

Boyd

(1964) r e 

ported that D D T causes abortion in the mosquitofish, Gambusia affinis
Mount

(1962) conducted a comprehensive study of the effects of endrin

on growth, reproduction, and behavior of minnows and guppies.

He

found that the growth and reproduction were inhibited and that b e h a v 
ioral responses were altered.

The findings in these studies with

fish roughly parallel those found with arthropods and mammals by
the authors cited earlier.
The jji vivo reactions of pesticides reported thus far in fish
also approximate those of arthropods and mammals.
more

Finley and Pill-

(1963) studied the reactions of DDT in fish and other v e r t e 

brates and found that DDT (dichlorodiphenyltrichloroethane) was
converted to DDD

(dichlorodiphenyldichloroethane)

in the liver.

reaction was also found by Peterson and Robison (1964)

in rats.

This
Pot

ter and O'Brien (1964) showed that parathion is "activated" to paraoxon in the livers of fish and terrestial vertebrates.
1959;

Weiss

(1958;

1961) studied the physiological effects of organophosphorus

insecticides on the brain tissue, synaptic enzymes, and nerve tissue
of fish and found that fish acetylcholine is inhibited by these
materials.

Metcalf and March

(1953) reported that cholinesterase

inhibition is the mode of action in the insect toxicity of organic
phosphorus insecticides.
topathologically,

Mathur

(1962a;

1962b) showed that, his-

BHC (benzene hexachloride or, more correctly,

hexachlorocyclohexane), DDT, dieldrin, and lindane (99 percent
pure hexachlorocyclohexane) exhibited similar effects on fish

liver, brain,

and kidneys.

This parallels the findings of Nelson, et

a l . (1944) who found central necrosis and reparative hypertrophy in
nine species of domestic animals exposed to several insecticides.
The findings of Mathur were also similar to those of We l s h and Gordon
(1947) who found that insecticides of diverse chemical structure have
a similar effect on nerve axons of crawfish and of O'Brien and Matsumara

(1964) w h o ascribe the effect of chlorinated hydrocarbon in

secticides on nerve axons of cockroaches to a physical complex
which disturbs the charge-transfer functions of the axon.
et a l . (1962)

found that DDT,

Kayser,

lindane, and parathion cause similar

effects of cell swelling, chromatolysis, and Nissl body clumping in
the nerve cells of the b ra i n of carp and crawfish.
son (unpublished)

Warner and P e t e r 

found that fish exhibited no avoidance reactions

to sublethal concentrations of pesticides.
This similarity of action of insecticides having diverse
chemical configurations on the metabolism of a wide variety of an i 
mals seems to indicate that fish ma y exhibit general metabolic r e 
sponses similar to those of other animals.

Pennak (1964) defined

met ab o l i s m as the collective physiological responses of any organ
ism.

Doland (1960) was more explicit in defining metabolism as

the sum total of the physical and chemical processes by which simp
ler compounds are converted to living organized substance and such
living substance reconverted into simple compounds with the release
of energy for use b y the organism.

Fry (1957) stated that the

metabolic rate of animals should properly be measured in terms of
caloric output but, ordinarily,

the rate of oxygen consumption alone

has generally been

taken as a measure of the intensity

ofmetabolism.

It m a y be reasoned

that the measurement of the effects

on insecti

cides on the respiratory rate of fish would be a general measure of
the effects of these poisons on the total m e tabolism of these a n i 
mals .
There have b e e n no studies of the effects of insecticides on
the respiration of fisty; however,

there have been studies of the

respiration of fish exposed to poisons other than insecticides.
Belding (1929) found that the opercular movements of fish could be
used as an indicator of a toxic environment.

Erickson and Townsend

(1940) reported that minute amounts of waste sulfite liquor inter
fered with the ability of salmon to withstand low oxygen tension.
Westfall

(1945)

found that the lethality of fish exposed to sulfuric

acid and lead nitrate resulted from decreased permeability of the
gill membrane

to oxygen, as a result of the precipitation of the

mucus of the gill filaments.

Carpenter (1927) and Ellis

(1937)

suggested that the

death of fish exposed to substances which c o 

agulate the mucous

covering of the gill filaments was due to

anoxia.

Downing (1954) reported that the survival times of r a i n 

bow trout exposed to concentrations of potassium cyanide in the
range of 0.105 to 0.155 parts per million (ppm) of cyanide in
creased w i t h increases in the concentration of dissolved oxygen.

Cairns and Scheier

(1957) reported that periodic low oxygen content

decreased the tolerance of bluegills to zinc chloride, naphthenic
acid and potassium dichromate.

They also noted that no differences

could be detected visually between the fish in water with high- and
low-dissolved oxygen contents and that the manner of death was simi
lar,

i.e., after a toxic concentration is reached,

reactions before

death were generally limited to characteristic symptoms.
(1947) found that,
chloroform,

Jones

in the presence of increasing concentrations of

sodium cyanide and sodium sulfide, respiration of the

threespine stickleback is rapidly depressed and,
heavy metal salts,

the respiration of the

fish

in the presence of
first increased to

about 150 percent of the control then decreased until the fish died.
Lloyd (1961) concluded that lower dissolved oxygen tensions increase
the toxicity to rainbow trout, of zinc,
monohydric phenols.

lead, and copper

salts, and

He hypothesized that a given toxic effect is

produced by a specific concentration of poison at the gill surface
and that this concentration is governed not only by the concentra
tion of poison in the bulk of the solution, but also by the velocity
of respiratory flow.

According to Lloyd's hypothesis,

the toxicity

of any material is directly related to its effect on respiratory
gas exchange at the gill surface and any material that speeds up
the respiratory movements of the fish branchial pump increases the
concentration of the material at the gill surface and enhances the
effects of the poison.

Conversely, any poison which slows the r es

piratory movements of fish decreases the concentration at the gill
surface and the effects of the material on the animals.

White, e_t al.

(1959) stated that the rates at which materials

are delivered to and removed from a given tissue are determined by
the activities of other tissues and that many processes occurring
simultaneously in the intact animal m a y cause experimental diffi
culties.

Even so, profitable techniques for exploring the effects

of various stimuli may be applied if the experimental stress is not
excessive.

They also pointed out that other levels of disorganiza

tion, e . £ . , perfused organs,

sliced organs, minced tissue or enzyme

in solution, may not show alterations with applied stimuli because
of the loss of certain regulatory mechanisms present in the normal
state.

Thus,

it was reasoned that the application of insecticides

to the intact fish should be made in a gradation of concentrations
beginning with a sublethal concentration and progressing to a lethal
level.

Also,

it seemed that if the oxygen consumption were measured

over a rather long period of time, £.£., 48 hours,
for which toxicity limits are usually expressed,

the period of time

trends of respira

tion mi g h t be shown that might not be measured at other levels of
organization.

In a larger sense, research conducted in this manner

could be used as a basis of comparison for further studies at other
levels of organization

designed to show the sites and rates of

physiological disruption caused by the insecticides.
The bluegill sunfish, Lepomis macrochirus Rafinesque, was
chosen as the test animal because of its wide distribution,

its

value in recreational fishing and the food chains of larger fish,
the wide use of this species as test animals in toxicity studies,

and the comparative ease with which it m a y be held and handled in the
laboratory.

The insecticides were chosen to represent the two major

classes of insecticides in widespread use, chlorinated hydrocarbon
and organic phosphorus.

The chlorinated hydrocarbon insecticides,

chlordane, DDT, and lindane, and the organophosphorus insecticides,
m a l athion and parathion represent some of the most commonly used of
these classes of insecticides.
The primary aims of this study were to determine

(1) the

respiratory rates of the bluegill sunfish, L. m a c r o c h i r u s , over a
48-hour test period and

(2) to show the effects of the chosen insec

ticides upon the respiratory rates of the fish.

These data would

then allow comparisons to be drawn between the respiratory effects
of different insecticides within the species and between it and
other species.

MATERIALS AND METHODS

Test Animals
The bluegill sunfish employed in this study were usually ob
tained from the Louisiana Wild Life and Fisheries Commission fish
hatchery at Monroe, Louisiana.

Tests conducted prior to this r e 

search had shown that fish from this source arrived at the labora
tory in better condition than those from any other hatchery.
the hotter months of the year,

During

it was difficult to ship the blue-

gills to the laboratory from any hatchery because of great mortality
in the shipments.

Under these conditions,

seining farm ponds and

Mississippi River "borrow" pits within a 40-mile radiuis of Louisiana
State University for experimental fish was found to be a better
technique.
Upon receipt from any source, the fish were placed in fivegallon buckets or battery jars containing some of the water in which
they were taken or shipped.
75-gallon

These containers were then placed in

holding aquaria until the temperature of the water in

them was w i t h i n 2° of the temperature of the water in the holding
aquaria.

Previous tests h a d shown that the fish would live if the

temperature differential between the water in the aquaria and that
in the buckets and jars was no greater than 5 ° C .

A n added safety

factor to insure live transfer of the fish into the holding aquaria

10
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was gained by allowing 2°C temperature differential.
starting a test,

Two days before

seven to ten fish were selected and placed in a er

ated support medium, Reference Dilution Water

(Dowden,

1962).

The

fish were not fed while being held in the support m e dium so that
their digestive tracts might be emptied of material which, during
tests,

could collect in various places in the respirometer and

cause erratic flow rates.

Test and Support Medium
Reference Dilution Water was reported b y Dowden to be a simple,
reproducible medi u m which supported animals In’.survival tests for
almost as long as that found in stock populations.
ted to meet chosen chemical standards

It was formula

(Hart, et a l . , 1945) which

approximated the corresponding values for natural water bodies.
Because the tests conducted in this study covered a n eight to
20-hour acclimation period and a 48-hour test period,

the demand for

test m e d i u m (two to four liters per h o u r ) , plus the demand of other
projects in the laboratory, made it necessary to formulate the medium
in 5 0 - liter (13-gallon) carboys.
tilled water,
liters.

These, carboys were filled with dis

two liters at a time from volumetric flasks,

to 50

A line as thin as possible was made an the side of the ca r 

boy as this level.

To formulate subsequent batches of medium,

the

carboy was filled to just below the 50-liter mark, enough salts were
added from stock solutions to constitute the correct formula,
carboy was filled to the mark with distilled water,

the

then aerated to

I

12
insure uniform m i x i n g of the salts.

Obviously,

the precision of this

method was not as great as that maintained by formulating the medium
in volumetric flasks; however,

it was shown by chemical analyses of

many such lots that the error introduced was less than 5 percent.
This medium,

since 1962, has successfully supported in this

laboratory protozoa, planaria, miracidia of Paramphistomum microb o t h r i o i d e s , two species of crawfish (Procambarus blandingi and P.
clarki), two species of water fleas

(Daphnia magna and Simocephalus

y e t u l u s ) , two species of catfish (Ictaluras melas and _l. punctatus) ,
the mosqu'itofish (Gambusia affinis) , eight species of sunfish (Chaenobryttus c o r o n a r i u s , Lepomis c y a n ellus, L. gibb o s u s , L. h u m i l i s ,
L. m a c r o c h i r u s , L. megalotus, Micropterus salmoides, and Pomoxis
r

annularis) , and tadpoles of several species of frogs.

Respirometer
The respirometer employed in this study was modified from
one built earlier in this laboratory by Betz

(personal communication)

who modified a device diagrammed by Welsh and Smith
paratus

(1960).

(Figure I) consisted of eight reservoir carboys,

The a p 

two siphon

pressure head flasks with a float-type flow regulator in each,
three oxygen sensor cells with an oxygen probe in each' attached to
oxygen analysis instruments and to recorders,
two Flowrator flow meters,

three 3 -way stopcocks,

two fish exposure chambers,

two siphon

control outlets, and glass tubing with "0"-ring seal joints to c nnect these parts together.

With this equipment,

two residual oxygen

FIGURE I.

Flow-through respirometer employed to measure
the effects of five insecticides on the oxygen
consumption of bluegill sunfish, Lepomis m a c r o 
chirus

Legend
A
B
C
D
E
F

-

G
H

-

I
J
K

-

L
M
N
0
P

-

Q
R
S
T
U

-

-

Test m e d i u m reservoir carboys
Control m e d i u m reservoir carboys
Tubing for maintaining siphon between carboys
Tubing for rapid filling of the carboys
Connection to vacuum
Connection to carboy of formulated test or control
me d i u m
Aeration diffuser
Siphon pressure head flasks with float-type flow
regulator
Channel-switching stopcock
Reference sample point stopcock
Oxygen sensor cells with oxygen probes and magnetic
stirring bars
Sargent variable-speed magnetic stirrer
Beckman 77700 oxygen analyzer
Beckman potentiometric recorder
Beckman 96260 oxygen analysis adapter
Beckman Zeromatic pH meter
Siphon contr&l outlet
Harshaw Flowrator flow meter
Exposure chamber with stirring bar and fish
Plastic shield
Drain

Subscript numbers indicate repeated parts which m ay have
different positions or slightly different functions.

f

M

N
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readings from two exposure chambers could be measured to be compared
to one reference oxygen reading.
In Figure I, only the apparatus for conducting one test at a
time is shown.
groups,

The eight reservoir carboys were divided into two

four on the test side ( B p

control side

(Ap

control side,

A£, A p

and A ^ ) .

B 2 , Bg, and B^) and four on the
To avoid contamination of the

the test side was used only during insecticide tests.

Four 5-gallon carboys were used because fewer than this number a l 
lowed the level of the support and test m e d i u m to drop so fast that
maintaining a constant level in the siphon pressure head flasks
and H 2 ) was difficult.

(H^

This subjected the flow rate to fluctuation,

especially at night w h e n no laboratory workers were monitoring the
apparatus.

The reservoir carboys

(A and B) were interconnected with

a series of 18-inch long pieces of glass tubing

(D) bent into the

shape of inverted "U's" for rapid filling with test or control m e d i u m
and with a series of 48-inch long, pieces of glass tubing inverted
"U's" for maintaining the flow of test or control m e d i u m from one
carboy to the next.

At one end of each line of carboys

(A^ and B-^) ,

there was a connection (E) to which a Curtin aspirator was connected
with a piece of Tygon tubing for producing a vacuum to fill the car
boys.

At the opposite end was a long piece of tubing (F) which was

inserted into carboys of formulated test or control m e d i u m to be
moved by the vacuum filling system into the reservoir carboys.
the proximal reservoir carboys
gas diffusers

(G).

Only

(A^ and B^) were aerated with glass

\
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During the tests, m e d i u m was siphoned from the reservoir car
boys to the siphon pressure head flasks
vacuum flasks.

(H^ and I^) made of 4 - liter

The level of medi u m in these flasks was maintained

with float-type flow regulators.

A constant level of m e d i u m in the

siphon pressure head flasks was essential because the flow rate
through the entire system was based upon the siphon pressure from
these flasks.

The 4-liter vacuum flasks were selected over other

designs because these flasks were large enough to allow refilling
of the reservoir carboys, w h e n necessary, without interrupting a
test in progress.

Also,

the side a rm could be used to start the

siphon from the reservoir carboys and to allow draining of excess
med iu m on the occasions w h e n the flow regulators did not function
properly.
From the siphon pressure head flasks, m e d i u m was siphoned
through the channel-switching stopcock (I) w i t h which an acclimation
period could be terminated and a test started without disturbing the
fish thereby causing heightened respiration.
through the reference sample stopcock

The m e d i u m then ran

(J) from which a sample could

be drawn to calibrate the reference oxygen sensor by comparison of
the meter reading with the Winkler meth o d for determining dissolved
oxygen concentration.
The m e d i u m then passed to the reference oxygen sensor cell
(K-^)

in which the oxygen sensor probe of a Beckman Oxygen Analysis

Adapter

(0) was placed.

The Beckman Oxygen Analysis Adapter m o d i 

fied the electrical circuits of a Beckman Zeromatic pH meter

(P) to

make it an oxygen analyzer.

The oxygen sensor probe required for

proper function a flow rate of at least 1.8 feet per second past the
face at which the measuring reaction took place.

This required flow

rate is considerably higher than the two liters per hour flow rate
found to be optimum for the measurement of fish oxygen consumption
in this apparatus.

In order to maintain the proper flow rate past

the probe face, the sensor probe cell was designed so that a onehalf inch long Teflon-covered magnetic stirring bar could be spun
at right angles to the face of the probe.

The cell with the probe

attached and the magnetic stirring bar inside was placed on a Sar
gent variable-speed magnetic stirrer

(L^).

The speed of the m a g 

netic stirrers was adjusted to the slowest rate that gave the
highest reading on the meter.

Faster spinning of the water in the

cell adversely affected the over-all flow rate through the respir
ometer.
Attached to the outlet of the reference oxygen probe cell
was a "T"-shaped three-way stopcock (not pictured in Figure I) of
which the ends were bent upward for the installation of two Harshaw
Flowrator, Model H - 24890-4,

flowmeters

(H).

This stopcock acted

as a means of splitting the flow of water to the two test channels,
one of wh i c h is shown in Figure I.

The efficiency of this split

ting action was noted on the occasions w h e n a bubble of air moved
through the reference sensor cell to the stopcock.

In each in

stance, single bubbles were split into two smaller ones.

It was

necessary to place the Flowrator in the system so that the water
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coursed through them before it reached the fish exposure chambers

(S)

because mucous secretions from the fish collected on the beads of the
Flowrator which impeded the flow rate and caused inaccurate readings.
The collection of mucus also affected the readings of the
oxygen probes by fouling the oxygen permeable membranes.

This

necessitated frequent calibration of the probes by comparisons with
a determination of dissolved oxygen content by the Winkler method.
W h e n the aberrations of oxygen tension readings from the fouled
probes could not be corrected by adjustment of the oxygen analyzer
meter,

it was necessary to re-charge the electrode.
The bend in the glass tubing at the top. of the Flowrators

acted as a trap for air bubbles.

It was found imperative to remove

all bubbles from any part of the apparatus because they impeded the
flow rate through the respirometer.

Some of the very small bubbles

enlarged without combining with other small bubbles.

It was felt

that this was caused by passage of dissolved gases from solution
into the bubbles.

These bubbles could be removed by slightly open

ing the joint at the top of the Flowrator and applying back pressure.
The fish exposure chambers

(S) were made from small battery

jars on the top of which was built Kimax #64/40 "0"-ring seal joints.
The seal against water leakage in this and each of the other seal
joints was maintained by closing the two halves of the joint against
a rubber "0"-ring with joint clamps of appropriate size.
of the fish exposure chambers was 835 and 843 milliliters,
tively.

The volume
respec

In the bottoms of the exposure chambers were placed
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two-inch long Teflon-covered magnetic stirring bars.

The exposure

chambers were assembled with fish and stirring bars inside and placed
on Sargent variable-speed magnetic stirrers

(I^).

The speed of these

stirrers was adjusted to the slowest speed at which the stirring bars
would rotate.

Tests w i t h dyed water showed that, without stirring,

the m e d i u m wo u l d channel straight through the exposure chambers and
cause uneven distribution of dissolved oxygen and insecticide in the
exposure chambers.

It was found in tests of the effect of stirrer

speed on the respiration of control fish that the slowest possible
movement of the water b y the stirrers

(measured with a stopwatch to

be 50 revolutions per minute) caused no increase in oxygen consump
tion.

Plastic, half-gallon containers cut into shape were placed

as shields
possible,

(T) around the exposure chambers to screen, as much as
the movements of workers that might excite the fish.

Connected to the outflow of the fish exposure chambers were
the residual oxygen sensor probe cells

(K2 ) which were identical

to the reference oxygen sensor probe cells

(K-^) described earlier.

The sensor probes in these cells were connected to Beckman model
77700 Oxygen Analyzers
tiometric Recorders

(M) to which were connected Beckman Poten-

(N).

The residual oxygen probes were calibrated by comparipg
their readings with a Winkler dissolved oxygen content determina
tion.

To obtain a water sample for conducting the Winkler method,

the ends of the Tygon tubing in the siphon control outlets (Q) were
placed into a B.O.D. bottlej the bottle was placed in a relatively
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low position, and allowed to overflow.

The removal of the volume of

m e d i u m necessary to fill and overflow a B.O.D. bottle, about 400
milliliters,
rise.

caused the oxygen readings of the residual probes to

This rise was assumed to be due to the rapid replenishing of

m e d i u m in the exposure chambers and residual cells.
change in the residual oxygen readings,
no closer than four hours apart.

Because of this

calibrations were conducted

The oxygen readings of the residual

probes usually returned to the level present prior to the calibration
within an hour.

The other three hours were allowed after each cali

bration so that the fish could acclimate to the prior level.
Passing from the residual oxygen sensor cells the test medium
passed through the siphon control outlet (Q) made up of Tygon tubing,
glass tubing, Burette clamps, and ring stands to the drain ( U).

The

ends of the Tygon tubing were placed into pieces of glass tubing a t 
tached to a ring stand with a Burette clamp.

By movements of the

Burette clamps up and down the ring stands, the flow rate of the
m e d i u m could be maintained at the desired two liters per hour.

The

precision of this method of controlling the flow rate was measured
with a volumetric flask and a stopwatch and found to be within 0.1
percent of the desired flow rate.

Earlier in this study,

rate was regulated with a Monostat needle valve and,
metering stopcock.

the flow

later, with a

Both of these methods were found to be unsatis

factory because of the collection of materials in the controlling
constrictures of these devices.

A three-inch piece of four-milli

meter diameter glass tubing fashioned into the shape of an inverted
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"j" used to hook the end of the Tygon tubing into the glass tubing was
also found to be unsatisfactory because of collection of materials that
impeded flow rate.

Conducting of Tests
Henderson,

et al.

(1959) reported the 48-hour median tolerance

limit of bluegills exposed in a static system to chlorddne, DDT, and
lindane to be 690 ppb, 210 ppb, and 770 ppb, respectively.

Pickering,

et a l . (1962) reported the 48-hour medi a n tolerance limit of blue
gills subjected in a static system to malathion and parathion to be
90 ppb and 95 ppb, respectively.

Tests conducted in this laboratory

had shown the toxicity of various pollutants to bluegills to be c o n 
siderably lower in a flow-through apparatus than in a static system.
Thus, test concentrations of 0.1 ppb,
for these studies.

1.0 ppb, and 10 ppb were chosen

It had been planned to use these three concentra

tions with each insecticide; however,

several tests with 10 ppb chlor-

dane showed that the fish died in less than one hour.
tests were desired,

Because longer

5.0 ppb was chosen as the highest concentration

to be used.
The insecticide test m e dium was made up by weighing 2.000
grams of the insecticide on a Mettler automatic analytical balance,
dissolving it in reagent-grade acetone, and transferring it quanti
tatively to a 100 milliliter volumetric flask which was then filled
to the m a r k with reagent-grade acetone.
ppm, was termed Stock #1.

This concentration,

20,000

To make up Stock #2 at a concentration
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of 10 ppm,

0.05 milliliters of Stock #1 was diluted in a volumetric

flask to 100 milliliters with reagent-grade acetone.
test solutions, 0.1,

To make up the

1.0, and 5.0 milliliters of Stock #2 were added

to 10,000 milliliters of Reference Dilution Water to constitute the
0.1,

1.0, and 5.0 parts per billion (ppb) concentrations, respec

tively.

The formula

Stock #2 used,

x

= V 2 x C 2 in which V-^ was the volume of

was the concentration of Stock #2

(10 ppm), V 2 was

the volume to which the insecticide was to be diluted (10,000 m i l l i 
liters), and C 2 was the concentration to be used in the test

(0.1,

1.0, or 5.0 ppb) was employed to calculate all formulations.
Once the desired concentration was formulated,

the carboy co n 

taining the test m e d i u m was placed at the inlet of the v a c u u m filling
system (F in carboys A-^ and B^, Figure I) to be drawn into the reser
voir carboys.

After the reservoir carboys were filled, the carboy

from which the test m e d i u m was to be siphoned (A^) into the siphon
pressure head flasks
the gas diffuser

(H) was aerated with an air hose attached to

(G).

The same procedure was followed in drawing

the support m e d i u m into the control carboys

(B).

If the aeration was not sufficient to saturate the m e d i u m
with air, such as was usual w h e n the reservoir carboys had to be
refilled during a test, the lower oxygen tension was shown by a
drop in meter readings.

It was possible to note the time necessary

for the water containing the lower oxygen content to pass from the
reference oxygen sensor cell (K^) to the residual oxygen sensor
cell

(K2 ) .

It had b e e n calculated previously by measuring the
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volume of the cells and the parts of the apparatus between them and
comparing the calculated volume to the flow rate that the elapsed
time needed for the water to move from one cell to the other should
have been 30 m i n u t e s .

The time measured with the water having lower

oxygen tension was 30 minutes and 30 seconds.

This value was used

in determining the period of time necessary after switching from
acclimation to test periods and flushing before the test period
could begin.
Six of the seven to ten fish previously acclimated for two
days to Reference D i l ution Water were selected to be placed,
each,

in the two fish exposure chambers.

three

The three fish randomly

selected for each of the chambers were weighed together to the n e a r 
est one-tenth gram.

To reduce the chance of damage to the mucous

covering of the fish during weighing, a w et paper towel was placed
on the balance,

the three fish were placed in a fold in the towel,

and the combined weight of the fish and the paper towel was noted.
After removal of the fish,

the w et towel was weighed and its weight

subtracted from the total weight of the fish and towel.
W h e n available,

all of the fish in the group from which test

animals were selected were nearly the same size and the fish selected
weighed aggregately between 15 and 20 grams.

Moss and Scott

(1961)

reported that a single fish weighing less than 15 grams showed a log
weight-oxygen consumption relationship and those weighing more than
15 grams showed an arithmetic relationship.

It was found in prelimi

nary studies that w h e n the aggregate weight of the fish was more

24
than 25 grams,

the fish acted as if they were in distress.

Thus, 20

grams were selected as the optimum upper limit of aggregate weight.
Early in the study,

it ha d been decided to use three fish per

replicate to obtain the average respiration of a larger number of
animals for statistical analysis of the data.

Schuett (1933) reported

that four fish in a single test consumed less oxygen per gram of body
wet weight than fish tested in pairs or singly.

It was found in this

study that three fish tested together consumed less oxygen per gram
of body wet weig h t than fish tested singly, and, thus, were closed to
the conditions of standard metabolism as defined by Job

(1955).

Job

stated that the lower the fish oxygen consumption, the closer they were
to standard metabolic rate conditions.

It was also found in this study

if four fish were tested together in the apparatus, that one of the
fish was in distress at the end of tests conducted under control con
ditions.

In some of the preliminary tests, the one in distress died.

Because none of three fish tested together in this apparatus showed
such distress,

it was decided to use that number per test.

of this distress is unknown; however,

The cause

it does not seem to be due to a

lack of oxygen because the residual oxygen content in these tests
(about 6.0 ppm) was well above the minimum found to be necessary for
support of fish without distress.
Only at the beginning of the tests were the weights of the
fish taken.

Moss and Scott (1961) reported that the loss of weight

by L. macrochirus in their 15-day tests was negligible.

The tests
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her e i n were conducted for an eight-to 20-hour acclimation period and
a 48-hour test period so it was felt that the loss of weight in
these shorter tests would also be negligible.
Ev e n though Spencer

(1939) and Moss and Scott

(1961) reported

that there was no endogenous respiratory rhythm found in the b l u e 
gills in their studies,

the tests in this study were set up in such

a manner that the compiling of the average oxygen consumption values
would disrupt any expression of a possible endogenous rhythm in the
data.

The tests were started at random times of the day and the

elapsed time from the initiation of the test period was plotted in
the graphs.

This procedure was followed because the two works cited

above did not show the hourly m e a n oxygen consumption values but,
stead,

in

reported only the averages at the end of 24-hour test periods.
After weighing,

the fish were transferred to the fish exposure

chamber for an acclimation period of not less than eight hours.

Wells

(1935),

in studies w i t h the Pacific killifish, and Moss and Scott

(1961),

in studies w i t h bluegills,

largemouth bass and catfish,

ported that a 24-hour acclimation period was necessary.

re

Several

control tests in this study showed that three bluegill sunfish a c c l i 
mated to this apparatus in about six hours, i.e.., their oxygen c o n 
sumption first dropped to a low level, rose to a high level,

then

in about six hours settled to a level which was maintained through
out the 48-hour control test periods.
After the acclimation period,

the channel switching stopcock

was turned so that m e d i u m flowed from the insecticide test reservoir
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carboys instead of the control reservoir carboys.

The siphon control

outlets w e r e placed at the lowest position possible for ten minutes
so that the rapid flow of the insecticide test m e dium could flush
out and replace the control m e dium in the oxygen sensor cells and
exposure chambers.

W h e n the flushing of the system was complete,

the flow rate was set at two liters per hour by returning the siphon
control outlets to the appropriate level.
The start of a control or insecticide test period, here i n d e 
fined as the period of recording oxygen readings and as not including
the acclimation period, was termed Hour 00 and was taken to be one
hour after the start of the flushing of the system.

It had been

found that flushing caused the readings of the residual oxygen sensors
and meters to be higher than was recorded during the acclimation peri
ods.

Simulated flushings during preliminary tests conducted under

control-type conditions showed that, one hour after the start of the
flushing,

the readings of the meters returned to the previous levels.

The tests were continued for 50 hours after Hour 00 to insure m e a s 
urement of oxygen consumption during a 48-hour period.
were conducted at 21 + 1°C.

All tests

During the tests, the laboratory which

measured 24 feet by 36 feet was continually lighted b y eight 40-watt
fluorescent bulbs.

Two of these bulbs were suspended in a fixture

four feet above and three feet in front of the apparatus.
If death occurred to any of the three fish subjected to in
secticides,
of a test,

the test was terminated at that point.

At the conclusion

the strip charts were removed from the recorders and the
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respirometer was disassembled for cleaning.

Cleaning of the apparatus

between tests was necessary to keep insecticide from building up in
the apparatus and to remove a white precipitate,
mucus,

from certain of its parts.

felt to be coagulated

The cleaning procedure consisted

of immersing and moving each piece of the apparatus about in acetone
for five to ten minutes, allowing the pieces to drain,

immersing

them in caustic alcohol (120 grams of sodium hydroxide dissolved in
120 milliliters of water and diluted with ethyl alcohol to 1000 m i l l i 
liters in a volumetric flask),

rinsing with tap water,

immersing for

five minutes in 10 percent hydrochloric acid, rinsing in tap water,
and finally rinsing in distilled water.

This procedure was devised

for use w i t h all five insecticides because each was reported by its
manufacturer to be very soluble in acetone and to be subject to degra
dation in highly basic organic materials.

The purpose of the h y d r o 

chloric acid rinse was to remove the caustic alcohol from the glass.
Inherent in the cleaning procedure was the re-charging of the
oxygen sensors.

This was done between each test even though it had

been found possible, on occasions,
ings.

to use them longer between charg

It was found by comparison with the Winkler method of d i s 

solved oxygen determination that the longer the sensors were used
between chargings,

the more erratic the readings from them became.
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Calculation of the Oxygen Consumption Rates
The formula employed to calculate the oxygen consumption values
was:

Qoo = -R K (b -a)
z

,

w

where
Qq
2

= oxygen
consumption rate expressed in milliliters of
oxygen consumed per gram of body wet weight per hour
(ml02 /gm/hr) ,

R

= flow rate of the m e d i u m in liters per hour,

K

= a constant to convert parts per million oxygen to
milliliters of oxygen at standard temperature and
pressure,

b

= oxygen

tension reading of the reference probe,

a

= oxygen

tension reading of the residual probe,

W

- aggregate weight of the fish in grams.

This formula was derived from parameters described in words but
not expressed mathematically in several of the papers consulted.
calculation of the data obtained in this study had begun,

After

it was found

that Stoganov (1964) had given, but had neither cited a literature
source nor derived mathematically,

a formula which differed only in

the mathematical symbols expressing the parameters.

Statistical Analyses and Graphs of Oxygen Consumption
After calculation of the oxygen consumption rates at each of
20-minute intervals shown on the charts removed from the recorders,
statistical analyses of (1) the effects of the insecticides,
less of concentration,
less of insecticide,

(2) the effects of the concentrations,

regard
regard

(3) the effects of three concentrations of five
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insecticides, and

(4) the effects of these treatments against elapsed

time were conducted.

Statistical analyses were conducted by factorial

analysis of variance methods to show statistically significant differ
ences in the data obtained.
Conducting the insecticide tests for a 48-hour period had been
planned; however,

this could not be done because of the early death

of some of the animals.

The longest period before the first death

in a replicate was ten hours.

Thus,

ten hours was used as the test

period for the analyses of statistical treatments against elapsed
time.

The data for the controls were analyzed for a 48-hour test

period.

Sequence of Tests
The insecticides received and tested were chlordane, parathion,
DDT, malathion,

and lindane in that order.

To slow any building up

of test material in the apparatus that might cause error,

the se

quence of concentrations tested generally proceeded from the lesser
concentrations to the greater, e . g ., 0.1,

1.0, and 5.0 ppb.

Control tests were conducted with the apparatus prior to and
after the testing of the insecticides, between each series of tests
at each concentration of insecticide, between each series of tests
with each of the insecticides, and w ith a sample of each group of
fish brought into the laboratory.
Because of the statistical analysis planned,

it was decided

to conduct the tests for the period of time which elapsed before the
first death occurred in any of the replicates.

The controls were
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tested for a 48-hour test period.

The test period in the insecticide

tests was ten hours.

Insecticides and Pertinent Properties
The chlordane sample from which test concentrations were made
was donated by the manufacturer, Velsicol Chemical Corporation.

The

sample was classified by the manufacturer as Refined (Clarified)
Chlordane and was described as an amber, viscous liquid miscible in
aliphatic and aromatic solvents,

insoluble in water and with a ch e m i 

cal composition of 60 percent octochloro-4,7 methanotetrahydroindane
and 40 percent insecticidally related compounds.

Stecher, et a l .

(1960) reported the 60 percent portion to be beta-chlordane and the
40 percent portion to be alpha- and gamma-chlordane and heptachlor,
M a r t i n (1961) reported that chlordane is dechlorinated by alkali.
The structural formula is given by several authors as;

C1CC1

The molar concentrations employed in each concentration of chlordane
Vere 2.44 X 10

in 0.1 ppb,

2.44 X 10

in 1.0 ppb, and

1.22 X 10"9M in 5.0 ppb.
The sample of DDT

(dichlorodiphenyltrichloroethane) was o b 

tained gratis from Geigy Chemical Corporation w ho characterized it
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as being 99.8 percent pure.

Martin (1961) described DDT as a fine cry

stalline powder insoluble in water, moderately soluble in hydroxyl and
polar solvents, petroleum oils, and readily soluble in most aromatic
and chlorinated solvents.

He also pointed out the ready dechlorina

tion of D D T in solutions of organic solvents by alkali and organic
bases.

Brown (1951) described DDT as being the least water-soluble

organic compound known with a true solubility in water being 0.0002
ppm, although it can form colloidal solutions up to 0.2 ppm in c on
centration.

Its structural formula is:

“O iO ‘
C1CC1
Cl

The molar concentrations employed with DDT in this study were
2.82 X 10_11M in 0.1 ppb,

2.82 X 10_10M in 1.0 ppb, and 1.41 X 10_9M

in 5.0 ppb.
The lindane sample was donated by Hooker Chemical Corporation
w h o described it as being greater than 99 percent pure 1,2,3,4,5,6
gamma-hexachlorocyclohexane.

Martin (1961) reported lindane to be

soluble in acetone, aromatic and chlorinated solvents slightly so l 
uble in petroleum oils; and practically insoluble in water.

The

term "practically insoluble" was defined as being 10 ppm at 25°C.
Martin also reported that alkaline materials dechlorinate lindane to
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trichlorobenzene.

Its structural formula Is given by several authors

Cl

Cl

The m o l a r concentrations employed in this study with lindane were
3.37 X 10

M in 0.1 ppb, 3.37 X 10

in 1.0 ppb, and 1.68 X 10

in 5.0 p p b .
A 99.2 percent pure malathion (S(l,2-dicarbethoxyl)-0,0-dimethylphosphorodithioate)
Corporation.

sample was donated by American Cyanamid

It was described as a clear brown liquid completely

soluble in most alcohols, esters, high aromatic solvents and ketones;
insoluble in aliphatic hydrocarbons and soluble in water to the extent
of 145 ppm at 25°C.

Martin (1961) reported ready hydrolysis of m a l a 

thion at less than pH 5.0 and greater than pH 7.0.

Its structural

formula was given as:

CH 0v

0

^>^-S-CH2C0CH2CH3
CH3°

S

CH2C O C H 2CH3

The molar concentrations employed in the tests with malathion were
3.03 X 10-11M, 3.03 X 10‘10M, and 1.51 X 10'9M in 0.1,

1.0, and 5.0

ppb, respectively.
The parathion (0,0-diethyl, 0-ja-nitrophenyl phosphorothionate)
sample used in this study was donated b y the Agricultural Division
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of Monsanto Chemical Company w h o described it as a 98.5 percent pure,
dark brown liquid.

Stecher, jet aJL. (1960) reported parathion to be

freely soluble in alcohols, esters, ethers, ketones,

and aromatic

hydrocarbons and soluble to the extent' of 20 ppm in water at 25°C.
Mart i n (1961) reported the hydrolysis of parathion to be rapid in
alkaline materials.

Its structural formula was given as:

The molar concentration employed in this study with parathion were
3.43 X 10"U M in 0.1 ppb, 3.43 X 10"L0M in 1.0 ppb, and 1.72 X 10“ 9M
in 5.0 ppb.

Oxygen Sensor
The oxygen measuring device used in this study was the "Clarktype oxygen electrode" manufactured by Beckman Instruments,

Inc.

Clark (1956) described the original electrode as a platinum cathode
--insulated from a silver anode with glass.

The manufacturer h ad sub

stituted a gold cathode and plastic insulation.

The instructions

accompanying the sensor pointed out that, during operation,

the

electrodes were covered with a potassium chloride-potassium h y d r o x 
ide gel held by an oxygen permeable membrane which separates the
electrode from the test solution.

The electro-reduction of oxygen

diffusing through the membrane takes place at the gold
cathode.

(or platinum)

The electrolyte serves to conduct the current generated
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b y the half-cell reactions, 0£ + 2 1^0 + 4 e" --- ^ 4 OH
cathode and 4 Ag + 4 Cl

p.

at the

4 AgCl + 4 e" at the anode.

These r e 

actions occur when 0.6 to 0.8 volt is applied across the electrodes.
Watanbe and Leonard

(1957) stated that the 0.6 to 0.8 volt applied

is too low to cause the hydrolysis of water and generation of h y d r o 
gen which might interfere with the reaction being measured.
(1956)

Clark

states that the electrode gives a linear response in electri

cal current flow with linear increases in oxygen content and that the
temperature m u s t be held constant at the electrodes or a correction
factor must be applied.

Because the electrode reduces oxygen at a

rate slightly higher than the diffusion rate of oxygen through liquids,
as stated by Clark,

the manufacturer's directions accompanying the

sensor stipulated that a flow rate of at least 1.8 feet per second
m u s t be maintained past the face of the electrode.
In the electrodes used in this study, a gold cathode was used
in the place of platinum.

Clark (personal communication)

stated that

the gold cathode is more stable than the platinum over longer periods
and that the oxygen reducing plateau of applied current is somewhat
longer so that variations in applied voltage are less significant.
Staub

(1961) and Fatt (1964) devised similar electrodes using the

platinum-silver half-cell reactions which are small enough
m i c r o n diameter of the platinum electrode)
m e d i u m flow past the face of the sensor.

(2.5

to be independent of test
Carritt and Kanwisher

(1959)

improved the sensor by adding a temperature compensating thermistor.
They also used 0.5N potassium hydroxide electrolyte instead of satu
rated potassium chloride.
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The thickness and composition of the oxygen permeable membrane
are directly related to the' efficiency of the measurement of oxygen.
Watanbe and Leonard

(1957) studied several types of plastic membranes

and stated that the current obtained at a given oxygen level was d i 
rectly proportional to the cathode surface and inversely proportional
to the membrane thickness.

They found that oxygen probes equipped

with 0.003 inch thick Teflon and polyethylene membranes gave re
sponses superior to those equipped with other types and thicknesses
of membranes.

Teflon membrances were supplied with the sensors em

ployed in this study, possibly because of the greater durability of
Teflon.

Recorders and Analyzers
Readings from the sensors were fed into Beckman Oxygen A n a l y 
zers or an Oxygen Analysis Adapter plus a Zeromatic pH me t e r which
consisted of an amplifier,

a meter,

and a feedback amplifier.

pre-amplifier picked up the direct current
converted it to alternating current
fed to the amplifier.

A

(DC) sensor current and

(AC) which was amplified and

The amplifier further magnified the signal,

then demodulated it to DC which was used to move the meter needle
and drive the recorder.
The recorders used in this study were Beckman Laboratory
Potentiometric Recorders.

These 10 to 100 millivolt recorders

continually compared the input signal against a stable reference
voltage supplied by a 1.35 volt mercury battery.

Any difference
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between the two was balanced out by a servo-motor driven contact which
moved along a measuring potentiometer until the two voltages were b a l 
anced.

Attached to the contact slide wire of each was the recorder

pen which traced on the chart paper the signal which originated in
the oxygen sensors.

RESULTS

A total of 60 tests,

four each with each of three concentra

tions of five insecticides, was conducted for a ten-hour test period
to show the effects of the insecticides on the oxygen consumption
of L. m a c r o c h i r u s .
hour period.

Each of 15 control tests was conducted for a 48-

Statistical analyses of the data for both types of

tests were conducted by factorial analysis of variance methods.
These analyses,

called F tests, showed statistically significant dif

ferences between the over-all effects of the insecticides without
consideration of time or concentration (Figure II), between the over
all effects of the concentrations employed without consideration of
insecticide or time

(Figure III), and between the effects of the

concentrations of insecticides without consideration of time.

Shown

with the bar graphs in Figures II and III are tables of the values
plotted and statistical significance between the values.

The com

parisons of the effects of the concentrations of insecticides are
shown in Figure IV and Table I.

Figure IV shows b y bar graphs the

oxygen consumption values of the controls and the three concentra
tions of five insecticides.

These values and the statistical signi

ficance among the insecticides and among the concentrations are
shown in Table I.
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FIGURE II.

Effects of five insecticides on the oxygen
consumption of the bluegill sunfish,
Lepomis macrochirus
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FIGURE III.

Effects of three concentrations of insecti
cides on the oxygen consumption of the
bluegill sunfish, Lepomis macrochirus
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FIGURE IV.

Effects of three concentrations of five
insecticides on the oxygen consumption
bluegill sunfish, Lepomis macrochirus
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TABLE I.

Oxygen consumption values* and statistical significance between these values in three
concentrations each of five insecticides
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0
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______________________
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The controls exhibited a straight-line response in oxygen con
sumption,

, there were no statistical differences from the over

all m e a n oxygen

consumption values of 0.204 m l 0 2 /gm/hr throughout

the 48-hour test period.

No statistical differences were shown in

the comparisons of elapsed time and over-all insecticide effects,
over-all concentration effects,
secticides;

or effects of concentrations of in

therefore, graphs of these values were not drawn.

The bar graph of bluegill over-all mean oxygen consumption
values versus concentrations of chlordane

(Figure IV and Table I)

formed a plot h e r e i n termed an "N-shaped curve" which was

also

noted in tests of the effects of chlordane on the oxygen consumption
of crawfish (Bennett and Dowden,

unpublished).

This type of effect,

in which a lower concentration has a greater effect than a higher
one, was called "paradoxical effects" by Schatz, £ t _al.
Subjected to lindane,

(1964),

the over-all m e a n oxygen consumption

values of the fish exhibited a depressed response in all three c o n 
centrations

(Figure IV).

not shown; however,

The "N-shaped curve" described earlier was

the "paradoxical effects" described by Schatz,

et a l . were apparent.

Lindane was one of the three insecticides

tested in which the oxygen consumption of the fish was depressed
in all three concentr a t i ons.
The over-all m e a n oxygen consumption values of the bluegills
exposed to DDT (Figure IV) exhibited a response similar to those
exposed to lindane; however,

the depression of oxygen consumption

in DDT was greater than in lindane.

In malathion,

the over-all m e a n oxygen consumption values of

the bluegills in 1.0 ppb (Figure IV) was significantly greater than
that in the other two concentrations.

Malathion was the only insec

ticide in which the fish exhibited such a response; however,
one of the three insecticides,

along w i t h lindane and DDT,

it was

in which

the oxygen consumption of the bluegills was depressed in all three
concentrations.
The over-all m e a n oxygen ponsumption values of the fish e x 
posed to parathion (Figure IV) showed a response entirely different
from that of the other organic phosphorus insecticide, malathion,
tested.

The response was more

like that of chlordane than any other

insecticide tested in that an "N-shaped curve" and the "paradoxical
effects" were shown.

DISCUSSION

Apparatus and Techniques
Even though the apparatus used in this study to measure fish
oxygen consumption was devised from a simple diagram shown by Welsh
and Smith (1960),

it is basically the same apparatus employed in s e v 

eral studies which utilized closed, flow-through systems.
studies using a similar device were Keys
der (1936), Jones
(1964).

(1930), Wells

Among the

(1932), W i n 

(1947), Cairns and Scheier (1964), and Stoganov

A l l of the above studies employed a reservoir system,

fish

exposure chambers, a means of controlling the flow rate, and a
means of measuring the dissolved oxygen content of the medium.
Measurement of the dissolved oxygen content in the articles con
sulted usually entailed collecting the outflow from the exposure
chamber under a mineral oil or paraffin film or by overflowing a
collecting bottle then conducting Winkler dissolved oxygen deter
minations at chosen i n t e r v a l s .

The oxygen consumption of the fish

tested was then calculated with a formula similar to the one used
in this study.
Innovations in the apparatus employed in this study include
the reservoir carboy vacuum-filling system,

the float-type flow

regulators in the siphon pressure head flasks, the Flowrator flow
meters,

the continuous monitoring of the dissolved oxygen content
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by the oxygen sensors and meters, and the continuous recording of data
by potentiometric recorders.
The advantage of the flow-through principle of measuring the
oxygen consumption of fish,

in which a constant concentration of test

material is maintained in the exposure chamber,

over a static method,

in w hich the concentration of test material m ay decrease as the test
progresses, m a y be shown by calculating the aggregate amount of test
material to which the animals are exposed.

If a group of fish, £■£.,

three fish as used in this study, were placed for two hours in the
exposure chamber of a static method respirometer which held 1000
milliliters of test medium at a concentration of 1.0 ppb (1.0 X 10“^
grams) of insecticide, and if it were assumed that the rate of ab
sorption were 5 percent per hour, the fish may absorb almost 10 p e r 
cent of the insecticide.

Hold e n (1962)

found that trout in a static

system absorbed in six hours more than h a l f .of the C ^ - l a b e l l e d DDT
to which they w e r e exposed which seems to indicate that the 5 percent
per h o u r absorption rate is a conservative estimate.
In a flow-through respirometer, as used in this study,
three fish placed in an 835 milliliter exposure chamber,

the

through

which 1.0 ppb of insecticide is passed, would be exposed to 12.0 X
10"^ grams of test material in a ten-hour test period.

The 1.0 ppb

concentration w o u l d remain constant throughout the test period and
the in vivo concentration necessary to evoke the response more pre
cisely measured.

Ecologically the flow-through type of test prob

ably yields m o r e valid results because it more closely approximates
stream current flow and convection currents in ponds and lakes.

Weiss and Botts

(1957)

stated that the responses of fish in

any type of bioassay are governed by temperature of the test water,
temperature acclimation of the fish, age acclimation of the fish,
oxygen concentration, and size of the fish.

They concluded that, at

oxygen saturation levels, changes in the time of response due to lab
oratory acclimation are inversely related to changes in oxygen c o n 
sumption.

In this study, all of the factors studied b y Weiss and

Botts were h e l d constant,

insofar as possible, except age acclima

tion whi c h varied because of the several sources of fish.
fish from the preferred source,

Even the

the fish hatcheries, were of d i ffer

ent ages because the fish were deliberately crowded from year to
year in the hatchery ponds to insure a continual supply of the proper
size of fish for bibassays

conducted at the hatchery (Davis, personal

communication).
Although the basic principles of the respirometer employed in
this study were found to be the same as those used by the investi
gators cited earlier,

only Stoganov (1964) showed the equation for

calculating the oxygen consumption of fish.
the essential parameters, viz.,

Several authors gave

flow rate, difference between the

dissolved oxygen content of the inflowing and outflowing water,
and weight of the fish, but only Welsh and Smith (1960) gave the
factor for converting parts per m illion of dissolved oxygen to
milliliters of oxygen at standard temperature and pressure.

The

formula in this study was derived empirically using the parameters
given.

Test R e s u l t s :

Control

The over-all m e a n oxygen consumption of the bluegills in the
control tests of this study was 0.204 m l 0 2 /gm/hr which, after appro
priate conversions were made, compared favorably with the 0.240
mg02/gm/hr value reported by Moss and Scott (1961)

in the comparable

periods of their 15 day tests of oxygen consumption of bluegills.
The value found in this study was also well within the range of
0.123 to 0.396 m g 0 2 /gni/hr which Cairns and Sheier

(1964) reported

as having been given by Vinberg for an undisclosed species of sunfish.

Test R e s u l t s :

Chlordane

One of the more striking effects of insecticides on bluegill
oxygen consumption found in this study was shown in the graph of
over-all m e a n oxygen consumption versus concentration of chlordane
(Figure IV).

In 0.1 ppb, the respiration was heightened to a greater

extent than in any other concentration of any of the insecticides
tested except when accompanied by death in 5.0 ppb parathion.

The

subsequent decrease in 1.0 ppb and the second heightening in 5.0
ppb caused the effect which has been termed herein an "N-shaped
curve."

This effect was also noted in a study of the effects of

chlordane on the respiration of crawfish

(Bennett and Dowden, u n 

published) .
Schatz, et. _al.

(1964) described several instances in which

a lower concentration of a variety of substances caused a greater
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physiological effect than a higher one and applied to these effects the
term "paradoxical effects."

They pointed out the failure of many

investigators to recognize these effects and ascribed this failure to
a predilection of m a n y workers toward fitting such data to an "ideal"
statistical curve which masks expression of "paradoxical effects."
Schatz, ej: al. gave as a possible mechanism of these effects com
plexes of ions of m etal-organic moieties at various levels of re
actants.

They also pointed out the difficulty of reproducing "para

doxical effects" even by the same researcher because of the necessity
of combining the same set of jin vivo conditions which produce the
complex.

Ferguson (1939) presented similar arguments in pointing out

that chemical potentials

(which he did not identify)

in the tissue

and in the circumambient m e dium provide a truer comparison of narcotic
and toxic effects of chemicals,

Schatz, et _al. did not propose any

mec ha n i s m whereby one chemical could cause the "paradoxical effects"
at a heightened level while another produced similar effects at a
depressed level.
Harvey and Brown (1951) correlated oxygen consumptions with
time and symptoms in the German cockroach and noted that, after one
injection of chlordane at the LD^ q

(lethal dose for 50 percent of

the test animals)

level,

there was heightened respiration after a

five hour delay.

Because there were no means in their study for

m aintaining a constant dose level in the roach comparable to the
flow-through principle of the apparatus employed in this study and
because there were no significant differences found in this study
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in the effects of chlordane as the test progressed,

the data of these

two studies are not comparable except for the similar heightening of
oxygen consumption in both a n i m a l s .
H o f fman and Lindquist (1952)

found that, after 24 hours,

only

4.1 micrograms of unmetabolized chlordane could be recovered from
flies topically exposed to 10 micrograms of chlordane.

Davidow, ej:

a l . (1951) found that each of the components of technical
fied) chlordane

(clari

(heptachlor, Trichloro 237, alpha-chlordane, beta-

chlordane, and gamma-chlordane) produced in the liver, kidneys,

and

fat of rats the same unidentified metabolite the effects of which
were unspecified.

Hartley and Brown (1955) reported that chlordane

does not affect the cholinesterase of roaches.
The metabolism of chlordane by animals seems to be shown by
the articles cited in the previous paragraph.

The site of the

metabolism and the disruptive actions of chlordane, a chlorinated
terpene,

in fish and the concomitant effects on fish tissue oxygen

consumption have not yet been defined.

Brodie, et _al. (1958) noted

that non-specific enzyme systems of the liver microsomes m ay m e t a b 
olize a large number of t o x i n s .

Kunze and Laug

(1935) found' that

the liver of rats stored measurable amounts of other chlorinated
terpenes

(dieldrin, aldrin, and e n d r i n ) .

Davidow, et al. reported

an intermediate breakdown product of chlordane in the liver of r a t s .
Thus,

it seems reasonable to presume that at least part of the

effects of chlordane on fish oxygen consumption was due to disrup
tions in the liver which m a y adversely affect carbohydrate
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metabolism,

protein synthesis, nitrogen metabolism,

foreign material

metabolism, and certain others of the many physiological processes
that occur there.

Even so, the heightening of oxygen consumption in

the lowest concentration,

the smaller increase in oxygen consumption

in the intermediate concentration, and the second large increase in
oxygen consumption in the highest concentration tested is not ex
plained on this basis.
Synergism between the components of clarified chlordane might
have caused the great heightening of the oxygen consumption of the
bluegills by affecting physiological reactions not disrupted by a
single component or by causing a greater effect than that caused
by a single component.
lor,

One large component of chlordane, heptach-

is, in pure form, a potent insecticide

(Stecher, et a l . ,1960)

and very toxic to fish (Henderson, et a l . 1959).

The combined

effect of heptachlor and another of the chlordane components,

even

in different sites of action, may have caused the increased oxygen
consumption.
Roan and Hopkins

(1961) pointed out the possibility of a

two-fold effect of insecticides upon animals.
these insecticidal actions the terms, primary
and secondary

(non-specific) effects.

They applied to
(specific)

effects

They defined as primary

(specific) effects those actions in which a specific site, £.£.,
the inhibition of excretory processes
tubules by cyclodiene insecticides

in insect Malpighian

(which include chlordane)

elicit characteristic symptoms of intoxication.

to

They noted that
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primary effects are more apparent if the lethal time is relatively
short.

R o a n and Hopkins defined secondary (non-specific) effects as

those characterized b y a common syndrome of symptoms induced by
either insecticidal or non-specific stress.

These effects were said

to be m o r e manifest if the lethal period is extended and to include
loss of body weight,
phate stores,

depletion of carbohydrate and high energy phos

increase in oxygen consumption,

loss of body wa t e r or

abnormal redistribution of water, and abnormal release of ne u r o s e 
cretions which may cause any of the foregoing secondary effects.
If the disruptions of physiological processes attributed to
chlordane in insects and mammals is presumed to occur also in fish,
the effects of chlordane on fish oxygen consumption reported h e r e i n
m a y be due to the primary (specific) effect of blocking the ex c r e 
tory functions of the kidneys which could bring about an increase
of metabolic waste materials in the bodies of the fish.

Thus,

the

respiratory rates m e a s u r ed for the bluegills in this study m a y be
caused b y the stresses, .i.e.., secondary (non-specific) effects,
evoked b y the waste materials.

Test R e s u l t s :

DDT

In the tests conducted with DDT, the graph of over-all m e a n
oxygen consumption versus concentration (Figure IV) showed that
these m e a n values in all three concentrations were depressed from
that of the controls.

The over-all means in the 0.1 ppb and 5.0

ppb tests were depressed to a lesser extent than the m e a n in 1.0
ppb.
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E v e n though the graph of over-all m e a n oxygen consumption
values against concentration of DDT did not show the "N-shaped curve"
described for chlordane, it does show the "paradoxical effects" d e 
scribed b y Schatz, et al.

(1964) which were also included in the

earlier discussion of the effects of chlordane.
D D T has been reported by many authors to affect many sites in
animals from many groups.

Some of the systems and types of effects

reported are shown in Table II.

These effects were chosen to show

the diversification of effects in a wide range of body systems.

Fur

ther listings and discussion may be found in the reports by Emmel and
Krupe

(1946), Metcalf (1948), Dahm (1957), Winteringham and Lewis

(1959), Hayes

(1959), and O'Brien (1966) among others.

The many sites of D D T effects noted

(Table II) seem to indi

cate that the cause of the depression of the over-all m e a n oxygen
consumption by bluegills m ay be the combined result of several p h y 
siological disruptions in these fish.

If it were assumed that a

threshold concentration of D DT must be built up at each site of
toxic action by D D T before the toxic action can occur and that each
site of action has a different e x p o s u r e l e v e l s and .elapsed times of
exposure m a y be used to account for the effects noted on the over-all
oxygen consumption by fish.

For example,

the liver which is the site

of m a n y metabolic processes that directly affect oxygen consumption
may have, because of its greater size and protective mechanisms,

a

greater effect on the respiration of the entire animals than would
the kidneys,

the pyloric caeca,

or the body fat.

The lipophilic

TABLE II.

Physiological disruptions attributed to D DT poisoning in several systems in various groups of
animals

System

Animal

Effect

Article

Bees

Cholinesterase

Increased Concentration

Hartley and Brown (1955)

Crawfish

Toxins in Blood
Free Acetylcholine
Nerve
Nerve Axon Ion Transfer

Increased Concentration
Increased Concentration
Impulse "trains"
Inhibition

Hawkins and Sternberg (1964)
Tobias, et al. (1946)
Welsh and Gordon (1947)
Gordon and Welsh (1948)

Frog

Nerve

Destabilization

Shanes

Houseflies

C.A.C. Intermediates
Succinate Oxidation
Free Acetylcholine
Oxidative Phosphorylation

Inhibition
Inhibition
Increased Concentration
Uncoupling

Sacklin, et al. (1955)
Anderson, ^ t al. (1954)
Tobias, et al. (1946)
Sacklin, et ail. (1955)

Humans

Skin
Lungs
Fat

Absorption
Absorption
Storage

Hayes
Hayes
Hayes

Japanese Beetle

Oxygen Consumption

Increase

Edwards

Mealworms

Cytochrome Oxidase

Inhibition

Ludwig, et al.

M osquitoes

Oxidative Phosphorylation
Oxidative Phosphorylation
Mitochondrial P-ATP Exchange

Uncoupling
Inhibition
Inhibition

Gilmour (1961)
Gonda, et al. (1957)
Avi-Dor, et al. (1959)

Mouse

General
Gonad Hormones

Narcosis
Sterilization

Emmel and Krupe
Emmel and Krupe
(Continued)

(1951)

(1960)
(I960)
(1960)
(1953)
(1955)

(1946)
(1946)

Table II.

Anim a l
Rats

(Continued)

Effect

System
Brain
Liver
Liver

Heart Succinoxidase
Roaches

Toxins in Blood
Neurotoxins
Free Acetylcholine
Choiinesterase
Cytochrome Oxidase
Cytochrome Oxidase
Cytochrome Oxidase
Central Nervous System
Nerves
Nerve Axon
1

Oxy g e n Consumption

Accumulation
Accumulation of
Metabolites
Cell Swelling and
Reparative H y p e r 
trophy
Inhibition
Increased Concentration
Increased Concentration
Increased Concentration
Increased Concentration
Inhibition of Activity
Stimulation of Activity
(at 10-5M)
Inhibition of Activity
(at 10“3M)
None
Increased Irritability
Charge-transfer
Disruption
Increase

Article
Dale, et al.
Burns, e £ al.

(1963)
(1957)

Land.et al. (1950)
Johnston (1951)
Hawkins and Sternberg (1964
Sternberg, et al. (1959)
Tobias, et al. (1946)
Richards and Cutkomp (1945)
Ludwig, nt al. (1955)
Morri s o n and Brown (1954)
Morrison and Brown (1954)
Roeder and Weiant (1946)
Yeager and M u nson (1948)
O'Brien and Matsumara
(1964)
Harvey and Brown (1951)

C.A.C.
- Citric A c i d Cycle
P - A T P - Phosphorus - Adenosine Triphosphate
Concentration in moles per liter
M
Ln
'-J
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insecticides m a y be expected to concentrate first, and to the greatest
extent,

in the body fat then in the pyloric caeca and Kidneys.

If the

pyloric caeca, which h a v e a high lipoidal content, have a lower thres
h o l d concentration,

the depression of oxygen consumption at 0.1 ppb

m a y have been due to the disruptions of the metabolic processes there.
In a higher concentration,

1.0 ppb,

the threshold concentration of

the kidneys m a y have been surpassed and the disruption caused an a d 
dit i v e effect in depression of oxygen consumption.

In 5.0 ppb,

the

greatest concentration tested, the threshold concentration for the
effects in the liver mi g h t be surpassed.

The effects in the liver

m a y have overshadowed the effects in the other two organs.

Thus,

the depression of oxygen consumption of the intact animal caused by
the disruption in the kidneys, pyloric caeca or other organs having
a similar response to D D T m a y be lessened by the metabolizing of DDT
to less toxic metabolites b y the liver microsomes as reported by
Brodie, et al.

(1958).

This metabolizing of D D T could h a v e caused

the rise in the over-all m e a n oxygen consumption of the fish in 1.0
ppb.
An alternate possibility is that,

in the two lower concentra

tions, physical complexes m a y have farmed on the nerves as h y p o t h e 
sized by O'Br i e n and Matsumara (1964)
the branchial pump.

thereby causing failure of

Inherent in this possibility is the supposition

that a greater number of complexes w o u l d have formed in the 1.0 ppb
tests than in the 0.1 ppb tests thereby causing greater disruption
of the charge-transfer functions of these nerves.

In the 5.0 ppb
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tests,

the liver threshold m a y have been surpassed so that the nerves

were partially protected by its metabolism by the liver microsomes
as suggested by Brodie, et al.

(1958).

Other than a general stress effect caused by the action of DDT
at m a n y sites of physiological disruption (Roan and Hopkins,

1961),

the reasons for the depression of bluegill oxygen consumption in any
of the concentrations are not shown by comparison with the effects
on any of the animals studied in the works consulted

(Table I I ) .

The

summary of the literature concerning the effects of any of the in
secticides on fish presented earlier

(Introduction section) shows

that the primary sites of insecticidal metabolic disruption in fish
have not yet been defined; however,

this summary does seem to indi

cate that there is a basis for .assuming that the secondary (non
specific) effects defined by Roan and Hopkins occur in fish.
The possibility of enzymatic breakdown of D DT in fish seems
to be corroborated by the report by Sternberg, et al.

(1954) of the

purification of an enzyme called DDT-dehydrochjL6rinase from DDTresistant houseflies which converted DDT to DDE
t r i c h l oroethylene).

(dichlorodiphenyl-

O'Brien (1966) stated that enzymes with simi

lar activity have b e e n indicated in, but not isolated from,
mosquitoes and body lice.

Enzymes responsible for the breakdown

of DDT to DDD in mammals were proposed but not isolated by Peterson
and Robi s o n

(1964).

Finley and Pillmore

(1963) reported that D DT

is converted to DDD in the livers of fish.
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Contradictory findings which hamper correlation of enzyme sys
tems of mammals and arthropods to physiological disruptions by DDT
in fish are the proposed breakdown pathway for DD T in m ammals pro
ceeds through DDD (Peterson and Robison, 1964) with DDE b e i n g desig
nated as a dead-end by-product, w h i l e the p a t h w a y proposed in insects
proceeds through DDE (O'Brien,
dead-end by-product.
DDA

1966) with DDD being designated as a

In both pathways, the ultimate end-product was

(dichlorodiphenylacetic a c i d ) .
The finding of D D T and its metabolites

of mammals

in the feces and urine

(Dale, et al. , 1962) seems to indicate that the fish may,

as a protective mechanism,
metabolites.

excrete unchanged D D T as well as its

The effect of this excretion on the over-all metabolism

of fish has n o t been described and its description is considered b e 
yond the scope of this study.
The possibility of the effect of DDT o n the nervous control
of fish respiratory movements was indicated by
nerve activities by several authors.
that,

the inhibition of

Welsh a nd Gordon (1947)

found

in crawfish, DDT causes multiplication of nerve impulses,

a brief exposure to DDT of an exposed nerve causes a "train" of im
pulses, instead of a single impulse after a brief, weak electrical
shock as occurred in the controls.

They found that this "train"

of impulses causes tetanic contraction of the m u scle innervated by
an exposed axon.

They a lso correlated longer impulse "trains" with

higher insecticide concentrations a n d stated that insecticides having
diverse chemical structures cause a similar a c t i o n which seemed to
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suggest that the primary action was physical, not chemical,
ence at the lipid surface of the axon.
studying crayfish, and Shanes

Gordon and Welsh

interfer

(1948),

(1951), studying frogs, reported that

the toxic effect of DDT to nerve axons in causing repetitive firing
and spontaneous activity was similar to the effect of low concen
trations of calcium and magnesium ions in the axons and inferred
that repetitive firing was due to a delay in restoration of these
ions.

O'Brien and Matsumara

(1954) suggested that DDT and other

chlorinated hydr o c a r b o n insecticides owe their activity to the forma
tion of a physical complex with a component of the nerve axon and a
subsequent interference with the charge-transfer functions causing
de-stabilization of the axon.
Kayser, et al.

(1962) noted in carp and crayfish that DDT,

lindane, and parathion (the latter two insecticides are discussed
later in this report) each caused similar swelling of the nerve
cells, wh i c h they called ring-formation,

chromatolysis, and clump

ing of the Nissl bodies of some of the nerve cells but not other,
contiguous cells in the forebrain, base of the midbrain,
brain.

and h i n d 

This effect on nerve cell bodies of the central nervous

system and the hypothesis of O'Brien and Matsumara (1964) of a
physical complex on the axon m ay indicate that ninth and tenth
cranial nerves which arise in the medulla
(Kent, 1952) may be affected.
ler, et al.

(1962)

ments of fish.

(hindbrain) of fish

These nerves are reported by Lag-

to control the respiratory mechanisms and m o v e 

Interference with these functions could have

far-reaching effects on fish respiration; however,
primary effects,

these proposed

except for increased opercular movement, are d i f f i 

cult to observe and to distinguish from secondary effects in other
parts of the bodies of fish.

Test R e s u l t s ;

Lindane

The bluegills exposed to lindane (Figure IV) exhibited a less
acute but similar response to those shown by the fish exposed to DDT.
Lindane and D D T were the only two of the insecticides
the fish exhibited such a response.

tested in wh i c h

This type of plot and its impli

cations have b e e n discussed previously in this report.
Several authors have reported that the physiological responses
of animals to lindane were similar to those of DDT.
(1951)

H a r v e y and Br o w n

found a lack of effect of both DDT and lindane o n the oxygen

consumption of roaches.

Edwards

(1953) stated that gamma-BHC p r o 

duces physiological effects in roaches very similar to those p ro
duced by DDT.

Mullins

(1955) showed that both DDT and gamma-BHC

possess a spatial configuration of the molecule that allows them to
fit into the interspaces of the lipoprotein molecules of nerve axons.
Ishida and D a h m (1965a;

1965b)

isolated an enzyme from houseflies,

rats, and rabbits that de-chloriiiated both gamma-BHC and DDT.
Other reports state that lindane was similar in metabolic
effects to those of chlordane.

Busvine

dane and the cyclodiene insecticides

(1954) reported that lin

(chlordane, aldrin,

dieldrin,

and endrin) produce similar symptoms in houseflies and have a similar
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toxophore consisting of a pentagonal spatial arrangement of chlorine
atoms.

Becht

(1959)

found that gamma-BHC and the cyclodiene insec

ticides produce similar effects in the dhordotonal organs of roaches.
Winteringham and Lewis

(1959) reported that cyclodiene insecticides

and gamma-BHC produce similar modes of action and do not induce the
effects on the peripheral nervous system characteristic of DDT.
Still other authors reported that the metabolic effects of
lindane were similar to both DDT and chlordane.

Morrison and Brown

(1954) found that all three of these insecticides stimulated activity
of roach cytochrome oxidase at a concentration of 1 0 " % and depressed
-3
activity at 10

M.

Hartley and Brown (1955) reported a lack of effect

by any of the three insecticides on roach choline s t e r a s e .
In the only studies which concerned the testing of these i n 
secticides on fish, Kayser, et al.

(1962), working with nerve tissues

of carp and crawfish, reported that lindane and DDT caused similar
chromatolysis, Nissl body clumping, and swelling of nerve cell; and
Mathur (1962a;
Asiatic fish,

1 9 6 2 b ) , working w i t h the liver of four species of
found that both lindane and DDT produced similar

atrophy, necrosis, and hypertrophy of hepatic cells.

Both articles

pointed out that the affected cells may be contiguous with u n affec
ted ones.

Neither Kayser, et a l . , nor Mathur reported conducting

tests with chlordane so a comparison of the effects of chlordane
with those of DDT and lindane is not possible.
Figure IV indicates that,

in bluegill,

the effects of lindane

on oxygen consumption were similar to those of DDT and dissimilar to

those of chlordane in causing depressed respiration and were similar
to both chlordane and DDT in causing a lower oxygen consumption at 1.0
ppb and 5.0 ppb.
The oxygen consumption responses of fish exposed to lindane m ay
be due,

in part,

to an enzyme similar in action to one reported in

other vertebrates and in insects.

Sternberg and Kearns

(1956) re

ported that the m e t a b o l i sm of resistant houseflies was heightened
w h e n lindane

(hexachlorocyclohexane) was metabolized to pentachloro-

cyclohexane which was easily broken down to other,
soluble, unidentified products.

less toxic, water-

Ishida and D a h m (1965a)

isolated an

enzyme which broke down lindane to form pentachlorocyclohexane and
reported that this glutathion-requiring enzyme was found in homogenates of whole flies,

in the livers of rats, and in the livers and

kidneys of rabbits.

They pointed out that the enzyme systems which

require glutathion are DDT-dehydrochlorinase of houseflies, verte
brate liver glutathiokinase which catalyzes the conjugation of
glutathion and haloaryl compounds, and insect glutathiokinase
which catalyzes conjunction of glutathion and haloaryl compounds.

Test R e s u l t s :

Malathion

The bluegills exposed to malathion exhibited oxygen consump
tion responses unlike those of any of the other four insecticides
tested.

As shown in the graphs of over-all m e a n oxygen consumption

versus concentration (Figure IV), the values in malathion were all
depressed below that of the controls.

The greatest depressions of
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respiration occurred in. 0.1 and 5.0 ppb.

The over-all mean values in

0.1 ppb and 5.0 ppb were depressed to about the same level and to a
greater extent than that in 1.0 ppb malathion.

The response of the

bluegills to ma l a t h i o n was different from the response shown in the
other organic organophosphorus insecticide,
study.

parathion,

tested in this

O'Brien (1956) reported that the effect of malathion on roach

oxygen consumption was different from that of other organic phosphorus
insecticides.

The other organic phosphorus insecticides he tested

heightened roach oxygen consumption and malathion did not.

A similar

effect is shown in the bluegill over-all mean oxygen consumption by
the lack of h eightened respiration in malathion and the heightened
respiration in the lowest and highest concentrations of parathion
tested.
Weiss

(1959;

1961) reported that acetycholine is the synaptic

nerve impulse transport chemical in fish,

that a cholinesterase is

present, and that exposure to malathion causes inhibition of the
activity of the cholinesterase of bluegills.

He also stated that

bluegills responded faster and recovered more slowly than any other
fish species subjected to any of the organophosphorus insecticides
tested.

Weiss did not report any differences in the effects of

m a l a t h i o n and parathion on bluegills, but did not study the oxygen
consumption of the fish tested.

The inhibition of the cholines

terase of fish nerves may have occurred in the ninth and tenth
cranial nerves w h i c h control the musculature of the respiratory
m echanisms of fish (Kent,

1952).

Henschel

(1939) stated that these

nerves are in close proximity to the gills and skin w hich are sites of
ready absorption of materials

(Van Oosten,

1957).

Thus, depression in

respiration m a y be due to interference with the branchial pump actions
of the gills and gular region described by F ry
and Lewis

(1957).

Winteringham

(1957) cited several articles which showed that,

exposed to malathion,

in mammals

failure of the neuromuscular mechanisms of the

respiratory system caused anoxia.

The fish subjected to malathion in

this study showed similar respiratory narcosis.
March

(1959) stated that organophosphorus insecticides affect

several esterases,

including trypsin, chymotrypsin,

esterase, and cholinesterase.

O.'Brien (1956) reported that malathion,

poor inhibitor of cholinesterase and succinoxidase,
malaoxon,

liver esterase, ali-

is converted to

a potent cholinesterase inhibitor and a slight succinoxi

dase inhibitor.

March,ej: al.

(1956) found in their studies with

hens, mice, and roaches that the hens and m i c e may excrete through
the kidneys a large percentage of the applied malathion as non-toxic,
water soluble metabolites or as unchanged malathion or malaoxon.
These authors and Krueger and O'Brien (1959) ascribed differences

in

the toxicity of m a l athion to w a r m blooded animals and insects to the
greater ability of the warm blooded animals to metabolize malathion
to non-toxic materials.
Matsumara and Brown (1961) reported the resistance of m o s 
quitoes to malathion to be due to a higher production of carboxyesterase in the resistant strains.

Krueger and O'Brien (1959)

defined carboxyesterases as those esterases which act on the

carboxyl esters of malathion.

They reported that this term is used

to distinguish their action from that of phosphatases which break
down the phosphorus esters in malathion.

Matsumara and Brown

purified carboxyesterase from mosquitoes,

described its chemical

properties,

and noted that it was chemically identical in both the

resistant and susceptible mosquito strains.
found was

(1963)

The only difference

the quantity of carboxyesterase from resistant mosquitoes

was 100 fold that from the susceptible ones.

Matsumara and Hogendijk

(1964b) reported that m a lathion resistance in mosquitoes was due to
carboxyesterase activity rather than phosphatase activity.
Oppenoorth and A s peren (1961) purified from malathion-resistant houseflies an ali-esterase

(enzymes which break down short chain

aliphatic esters, £.£., methyl or n-propyl butyrate, but not a c e t y l 
choline) and described it as having a high affinity and low turnover
rate with cholinesterase inhibitors.

They found that it was present

in low quantities in houseflies and attributed its action in the pro
tection of these insects to its affinity for the organophosphorus
1O

materials at very low concentrations, £«£.,
as used in their studies.

1 X 10

1 o

M to 15 X 10

They stated that this action prevented

the inhibitors from attaining,

at a site of action, a fatal c o n c e n 

tration which m a y not be great enough to initiate activity by other
protective mechanisms.

They also proposed that the low turnover

rate, .i.ji. , disassociation from the enzyme-inhibitor complex,

and

the low concentrations of the ali-esterases showed that other p r o 
tective mechanisms,

such as excretion,

carboxyesterases, and p h o s 

phatases, were active at higher concentrations.

M
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Matsumara and Hogendijk

(1964b) showed that the protective

m e c h a n i s m present in resistant houseflies was a higher activity in
d egradation of mal a t h i o n to its monocarboxylic derivative than was
present in the susceptible flies.
tivity occurs in mammals.

They stated that comparable a c 

They found that abput the same amount of

m a l athion was degraded in both the resistant and susceptible strains
and attributed the protective action to a greater quantity of c a r 
boxyesterase in the resistant strain, to a greater affinity of
carboxyesterases for ma l athion than for malaoxon,
over rate of the malathion-enzyme complex.

and the low turn

Thus, the competitive

action of the carboxyesterases for malathion to form with it a rela
tively stable complex inhibited the formation of malaoxon, a more
potent toxin.

The low turnover rate of the carboxyesterase-malathion

complex not only removes the malathion from the in vivo environment,
but also slowly releases the monocarboxylic derivative of malathion.
The further breakdown of the monocarboxylic derivative may then p r o 
ceed at a rate rapid enough to prevent the production of a stress by
c oncentration of the derivative at. an action site.
Whether or not the carboxyesterases described by Matsumara
and H o g endijk are nearly identical,

or e v e n similar,

to the ali-

esterase described by Oppenoorth and A speren (1961) was not shown.
The actions described were similar enough to foster the suspicion
that they were identical.
Spencer and O'Brien (1957) reported that Nachmansohn estab
lished that 90 percent inhibition of cholinesterase by organophosphorus insecticides is required to abolish conduction in mammalian

nerves.

Chadwick and Hill

(1947) set a requirement of 80 percent in

hibition of cholinesterase b y organophosphorus compounds to kill
ro a c h e s .
Thus,

it seems to be indicated that m a l athion must be "acti

vated" to m a l a o x o n to cause an acute toxic action,

that malathion

(or malaoxon) m a y inhibit enzymes other than cholinesterase,

that

several competitive catalytic reactions may moderate the effect of
ma l athion (or malaoxon)

and that a threshold concentration of m a l a 

thion (or malaoxon) must be reached before there is a disruption of
the physiological processes of the test animals.
It has not yet been shown that these carboxyesterases,

phos

phatases, and ali-esterases or enzymes with activities similar to
them are present in fish or that there must be a threshold concen
tration before action by the inhibitors or the enzymes takes place.
F r o m the wide range of mammals and insects tested,

it seems likely

that such enzymes and mechanisms may be present in fish.
Some of the studies cited above correlated respiration with
malathion poisoning and showed that insect oxygen consumption was
heightened and mammalian oxygen consumption was depressed.

Each

of these studies dealt with these effects during paralysis which
was described by Roan and Hopkins
tom before death.

(1957) as being the last symp

They did not describe these effects in sub-

lethal concentrations of malathion;

therefore,

it is impossible

to correlate the results reported with the oxygen consumption
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effects not e d in this study.

E v e n so, certain patterns m a y be pointed

out that are similar to effects noted with fish.
The depressed over-all m e a n oxygen consumption in 0.1 ppb m a y
be due to either the conversion of malathion to malaoxon which m a y
occur spontaneously or in the presence of acid

(O'Brien,

1960),

to

the inhibition of succinoxidase or a similar system, or to a combina
tion of these two actions.

The increased oxygen consumption in 1.0

ppb (as compared to the other two concentrations but depressed as
compared to the controls) may have been due to an iji v i v o threshold
concentration being surpassed w h i c h initiated the synthesis of c a r 
boxyesterases and phosphatases or enzymes could have lessened the
effect on oxygen consumption by breaking d o w n the insecticide.
Other m e t abolic processes which m a y have b e e n initiated were the
elimination of malathion and its water soluble metabolites by the
kidneys,

feces, or skin.

The second depression in 5.0 ppb may have

then been due to a by-passing of these competitive enzymes by the
increased concentration of the insecticide.

This by-passing may

have occurred because there was more insecticide present than en
zyme with w h i c h it may have formed a complex.
The similar depression of fish oxygen consumption in 0.1
and 5.0 seems to indicate that the ali-esterase system or enzymes
with similar activities are lacking in bluegills.

Oppenoorth and

Asperen (1961) proposed that this type of system would protect
the organism at low concentrations.

Because this protection does

not seem to occur in 0.1 ppb, the enzyme system seems to be lacking.

N
Test R e s u l t s :
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Parathion

The graph of over-all m e a n oxygen consumption by bluegills
exposed to parathion (Figure IV) was similar to that for chlordane
in eliciting an "N-shaped curve" and "paradoxical effects" and was
different from that of the other organophosphorus insecticide tested,
malathion,

in heightening respiration.

O'Brien (1956) noted similar

effects in the difference of the inhibition of cholinesterase and
succinoxidase in roaches by malathion and parathion.
The graphs of the two organic phosphorus insecticides each
show that the oxygen consumption in the intermediate concentration
was different from that in the other two concentrations.
thion, the lowest and highest concentrations

In m a l a 

(0.1 and 5.0 ppb)

depressed oxygen consumption of the bluegills to about the same
extent and the intermediate_j:oncentration depressed the
consumption to a lesser extent.

In parathion,

fish oxygen

the lowest and highest

concentrations heightened oxygen consumption while the oxygen c o n 
sumption in 1.0 ppb,

the intermediate concentration, was depressed.

Diggle and Gage

(1951) found that pure parathion requires

a concentration of 0.002 milligrams per milliliter

(2,000 ppm)

to

inhibit 50 percent of the cholinesterase of rat br a i n h o m o g e n a t e s ,
Kewitz and Nachmansohn (1957) stated that the antidotal action of
pyridine-2-aldoxime methiodide in regenerating acetylcholine showed
that the inhibition of cholinesterase was the toxic action of p a r a 
thion,

Potter and O'Brien (1963) found that "activated" parathion

(paraoxon) was degraded twice as fast in the intact mouse as in
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intact frogs and roaches.

March

(1959) and O'Brien (1960) showed the

metabolic pathways for the breakdown of parathion and Spencer and
0 Brien (1957)

stated that the enzymes responsible were phosphoro-

thionate oxidases.

Matsumara and Hogendijk

(1964a)

found that the

protective m e c h a n i s m in parathion-resistant houseflies was the
breakdown of parathion to diethylphosphorothionate and £-nitrophenol
by a phosphatase which they purified.

Main (1960) purified from

sheep serum an enzyme which hydrolyzed paraoxon to diethylphosphate
and £-nitrophenol.

Oppenoorth and Asperen (1961) reported that the

same ali-esterase system acts as a protective m e c h a n i s m against
poisoning by m a l a t h i o n and parathion in resistant houseflies.
thion was noted by Harvey, and Brown (1951)

Para

to have an excitatory

effect on the oxygen consumption of roaches topically applied with
a concentration of one m i c rogram per roach.
On the basis of these findings in these articles and the pre
sumptions given for the presence of the phosphatase, but not an aliesterase, system in fish as presented in the discussion of malathion
effects on fish oxygen consumption,

it would seem that parathion

must be converted to paraoxon to cause an acute physiological dis
ruption,

that competitive enzymatic reactions do not moderate the

effects of parathion (or paraoxon) at very low concentrations but
do so at slightly higher concentrations,

that a threshold concen

tration of parathion present at a site of action may cause synthesis
of these competitive enzymes, and that the effect of parathion (or
paraoxon) on oxygen consumption is excitatory.
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Potter and O'Brien (1964) have shown that parathion, a weak
cholinesterase inhibitor, was converted to paraoxon,
esterase inhibitor,

by fish liver slices.

Weiss

a potent cholin

(1959;

1961) r e 

ported that parathion inhibited the activity of the brain and nervous
tissues and cholinesterase of several species of fish.
a l . (1962) found that parathion,

Kayser,

et

lindane, and DDT cause chromato

lysis, Nissl body clumping, and ring formation because of swelling
of nerve cells in the forebrain, base of the midbrain, and the h i n d 
brain of crawfish and carp.
The reasons for the excited oxygen consumption of bluegill
oxygen consumption in 0.1 and 5.0 ppb parathion and the inhibition
in 1.0 ppb parathion are not shown by any of the reports cited above,
all of w h i c h deal w i t h effects of parathion on nerves.

Koelle, et

a l . (1963) reported that acetylcholine and cholinesterase are found
in several1 tissues which have a function requiring regulated, v a r i 
able permeability,

crustacean gills, amphibian skin, erythro

c y t e membranes, as w e l l as nerve synapses.

Action of parathion at

any of these sites m a y have b e e n synergistic with action at any
other site.

It also seems possible that effects of 0.1 ppb p a r a 

thion could have inhibited the activity of cholinesterase in the
ninth and tenth cranial nerves which arise in the area of the brain
shown by Kayser, £ t al.

to be affected b y parathion thereby causing

heightened oxygen consumption.

Either primary or secondary effects

by parathion at the other sites suggested b y Koelle, et al. m a y have
caused the depressed oxygen consumption in 1.0 ppb parathion.

In

5 .0 parathion,

the effects on nerve cholinesterase m a y have been so

general that the second heightening of oxygen consumption occurred.
It is realized that the effects of parathion and malathion
>
oxygen consumption and the proposed mechanisms of these effects are
quite different and that Weiss (1959;

1961) stated that the actions

of these compounds on fish were similar.

Several authors have

pointed out differences in the effects and the mechanisms of the
effects of parathion and malathion which m a y provide a rationale
for this seeming contradiction.

Koelle, et al.

(1963) pointed out

that acetylcholine and cholinesterase may be present along the
nerve axons and act to depolarize the axon as the nerve impulse
passes as w e l l as in the synapses and that different groups of
anticholinesterases m a y act at different cholinesterase sites.
Kewitz and Nachmansohn

(1957) showed that the action of pyridine-

2-aldoxime methiodide in counteracting the effects of parathion in
h i b i t i o n of cholinesterase may not act with malathion.

Metcalf

(1959) stated that differences in partition coefficients of organophosphorus insecticides can cause differences in their sites of
action.

0 Brien (1960) pointed out that the L D 5 q concentrations of

m a l a t h i o n and parathion do not cause equitoxic effects.

Oppenoorth

and Asperen (1961) showed the greater role of carboxyesterases in
detoxication of m a l athion than in a similar action with parathion.
Matsumara and Hogendijk

(1964a) reported that the m e tabolism of

parathion was due to a phosphatase which was included in a group of
enzymes that do not have a large role in malathion detoxication.
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Thus,

it may be surmised that the differences in the effects of these

organophosphorus insecticides on bluegill oxygen consumption m a y be
due to differences in the sites of action and detoxication enzymes.

Relations of Insecticide Disruption of Body Systems
to Respiration
Knowledge of fish metabolism has not progressed to a stage at
which the discussion of the effects of toxins on their physiological
mechanisms is m u c h more than hypothesizing based on comparisons with
similar effects which have been described for mammals and arthropods.
Correlations of the responses of fish made with the responses in
animals groups as unrelated to fish as are mammals and arthropods
border on conjecture.

The biological and chemical sites of in vivo

disruption in fish by insecticides have not yet b e e n defined.
At one point in this study,

the various reports of the effects

of insecticides on several animals were arranged according to the
physiological system disrupted in the animals groups, e . £ , , inhibi
tion of neuroendocrine systems of insects, damage to the nerve tis
sue of crustaceans and of insects, excitation of oxygen consumption
of arthropods,

and inhibition of enzymes of insects and of mammals.

These effects,

especially those which dealt with systems affecting

respiration, w e r e compared to those found in this study.

It was

shown by this comparison that the effects of insecticides on b l u e 
gill oxygen consumption as measured in this study were only p a r 
tially explained.

In certain instances,

the effects of these
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materials on bluegill oxygen consumption noted in this study were anti
thetical to those reported in other studies.
A n example of the partial correlations was shown in the only
investigation that was conducted in a manner similar to this study.
The previous study, conducted in this laboratory under conditions
which were entirely similar except the use of crawfish as a test an i 
mal, dealt with the measurement of the effects of chlordane on the
oxygen consumption of crawfish

(Bennett and Dowden, u n p u b l i s h e d ) .

Upon comparison of the data from these two studies, it was found that
the graphs of over-all m ean oxygen consumption versus concentration
were similar and the graphs of hourly m e a n oxygen consumption versus
elapsed time were not.

A n example of the antithetical correlations

was the finding in several reports that DDT, malathion,
heightened oxygen consumption of arthropods; yet,

and parathion

in this study,

these insecticides depressed fish oxygen consumption.
Some authors,

in their investigations and reviews of the mode

of action of insecticides, point out that the biochemical actions
and sites of m a n y of the physiological disruptions by insecticides
are not yet known and that the variety of processes and tissues a f 
fected serve, at the present time, to confuse more than they eluci
date the explanations of their actions
a l . , 1958; R o a n and Hopkins,

(Metcalf,

1961; O'Brien,

1948; Brodie,

e_t

1966; and others).

Roan

and Hopkins pointed out that the primary effects of insecticides at
any site in an animal m a y cause a stress that initiates an imbalance
in closely related systems until a sequence of events

(secondary
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effects) occurs that cause interpretation of the effects to be diffi
cult because of the complexity of the interactions.

Because this

sequence of events m a y be expressed in the oxygen consumption of
the intact animal, a short, general discussion of the possible sites
of action of insecticides in fish seems desirable.
Because the m u s cular tremors and hyperactivity symptons
characteristic of insecticide poisoning seem to indicate damage to
the nervous system, much research has been conducted on the effects
of insecticides upon this system.

The many reports of the effects

of insecticides on nerve tissue and enzymes of animals other than
fish (See Table 1), the correlation of severity of insecticide
poisoning symptoms and concentration of insecticide in ma m malian
brains

(Dale, et a l . , 1963),

the similarity of the symptoms of in

secticide poisoning in fish to those of other animals

(Ellis, et al. ,

1944), and the similarity of the histopathological effects of
toxins in fish br a i n (Kayser, et
mals

al.,

these

1962) to those of other a n i 

(Nelson, £ t _al., 1944) indicate that disruption in the nervous

system of fish is possible.

This possible effect was discussed

earlier w i t h one of the insecticides

(DDT) used in this study.

The effects of organic phosphorus insecticides have been,
almost without exception, attributed to esterase inhibition,
ally nerve cholinesterase

(March,

1959; O'Brien,

1960).

e s peci

The d i stri

b ut i o n and function of cholinesterase in the brain and other nerve
tissue,
mals

erythrocytes,

gills, and

(Koelle, et a l ., 1963).

skin has been shown in other a n i 

Other than the showing of the

inhibition of fish brain cholinesterase by organophosphorus insecticides
(Weiss,

1959;

1961), the effects of inhibition of cholinesterase in

other sites and metabolic processes have not been studied in fish.

Ph y 

siological disruption at any of the several sites of esterase activity
because of the primary or secondary effects of esterase inhibition
could greatly affect the oxygen consumption of the intact fish and
possibly cause some of the effects noted in this study.
Because the liver is the site of many metabolic reactions r e 
lated to respiration,

e . £ . , carbohydrate metabolism,

foreign material

detoxication, oxidative phosphorylation, and nitrogen metabolism,
effects of insecticides in this organ m ay be expressed greatly in the
respiration of the intact animal.

Interference with any one of the

many physiological processes could cause differences

in oxygen co n 

sumption by the disruption of a metabolic reaction itself, by d e 
struction or alteration of the cells, or by the upsetting of closely
related and interdependent metabolic actions.

The possibility of

this suggestion is shown by several reports including

(a) the isola

tion from insects and from mammalian livers enzymes which break down
two of the three chlorinated hydrocarbon and both of the organophos
phorus insecticides tested in this study (Ishida and Dahm,
Sternberg, et a l . , 1956; Oppenoorth and Asperen,
Hogendijk,

1965a;

1965b);

1961; Matsumara and

(b) the similarity of the histopathology

of insecticide-damaged livers of fish (Mathur, 1962a;
of other animals
and

1965a;

(Nelson, et al.,

1962b) to that

1944; Nelson and Woodard,

1949);

(c) the finding of similar metabolites of insecticides in the
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liver and bile of mammals
O'Brien,
more,

(Burns,

et al.,

1957; Brodie, £t: a ^ . , 1958;

1960) and in the liver of fish (Cope,

1963; Potter and O'Brien,

1960; F i nley and Pill-

1964).

It has been reported that the gills of fish do not store chlo r i 
nated hydrocarbon insecticides but that the blo o d from several organs
contained greater concentrations of insecticides than was present in
the exposure medium Which fostered the proposal that any insecticide
absorbed in the gills w a s transported away b y the blood

(Holden, 1962).

Chlorinated hydrocarbon insecticides may be accumulated in fish blood
to a greater concentration than the median tolerance limit
Putnicki, unpublished) .

The properties of the blood of some fish,

have been described (Haws and Goodknight,
Cairns and Scheier,

(Mount and

1962; Caillouet,

1964;

1964) and it h as been shown that inorganic toxins

in the blood of bluegills cause significant changes in the blood spe
cific gravity and tissue fluids of bluegills

(Abegg,

1950) .

The only

report of a possible effect of any type of insecticide o n the respir
atory functions of the blood of any animal w as
throcyte cholinesterase in unnamed animals

the inhibition of e r y 

(Koelle, et a l . , 1963).

Even though other organ systems of animals may not directly
affect oxygen consumption, disruption of their structure or function
m a y cause a series of reactions that may hamper the activities of
organs which h a v e a m o r e direct bearing on respiration.
One such organ is the kidney in which indications of insec
ticidal effect seem be to shown b y

(a) the similarity of histopatho-

logical alterations of the livers of mammals

(Nelson, at a l . , 1944;
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Nelson and Woodard,

1949) and fish (Mathur,

1962b),

(b) the finding of

chlorinated hydrocarbon insecticides accumulated in kidneys of fish
(Cope,

1960; Hold e n 1962), and

(c) the disruption of the functions of

the Malpighian tubules of insects by several insecticides
Hopkins,

1961).

(Roan and

A protective mechanism of the kidney against insec

ticide poisoning seems to be indicated by the finding in the kidneys
of rabbits an enzyme that breaks down organophosphorus insecticides
(O'Brien,

1960) and one that metabolizes two hydrocarbon insecticides

(Ishida and Dahm,

1965b), and

by

^he finding that chickens, mice, and

roaches m a y excrete unchanged organophosphorus insecticides
a l ., 1956).

(March, £t

It has been pointed out that this excretion of insecti

cides without metabolizing them is possible because of the h i g h lipoidal content of the renal tubules and the non-polar,
of insecticides

(Brodie, et a l . , 1958).

lipid properties

Alteration of the structure

and the excretory functions of the mammalian kidneys and insect M a l 
pighian tubules has been associated with the excretion of these m a t e r 
ials (Stohlman, et ad., 1950; Patton,

et al,,

1959).

Because the fish and mammalian kidneys and the insect M a l p i g h 
ian tubules are important osmoregulatory organs, disruption of these
organs by insecticides may cause a loss of water balance controls and
an abnormal re-distribution of body fluids.
noted in aquatic insect naiads
tial arthropods

This effect has been

(Jensen and Gaufin,

(Patton, et al.,

1964) and terres-

1959; Roan and Hopkins,

1961).

No

studies of the effects of insecticides on the osmoregulatory or e x 
cretory functions of fish kidneys have been found.
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Although studies of the effects of chlorinated hydrocarbon and
organic phosphorus insecticides on reproductive organs of any animal
have not been found, their disruption of reproduction as measured by
the number of, and effects on, offspring have shown that birds may
be sterilized (DeWitt and George,
caused to abort or to be sterile

1960),

live-bearing fish m a y be

(Mount, 1962; Boyd,

position of insects m a y be hindered

1964), and ovi-

(Roan and Hopkins,

1961).

In

certain studies, no effect at sublethal concentrations of insecti
cides was noted in adult mammals
(Allison, et al.,

(Kitselman,

1963) and in adult fish

1963); however, much lower doses were lethal to

the offspring than to the parents.
The skin of fish performs several functions to a greater de
gree than is found in the integuments of arthropods and mammals.
These functions include osmoregulation, respiratory exchange,
mal adjustment, and absorption of organic materials
1957).

(Van Oosten,

It has been shown that the absorption of chlorinated h y d r o 

carbon insecticides occurs through the skin of mammals
a l . , 1952; Hayes,
et al.,

ther

(Bundren, £t

1960), the chitinous exoskeleton of insects

1944; Metcalf,

skin of fish (Holden,

1948; O'Brien,
1962).

(Draize,

1966), and slowly through the

No studies of the effects of insecti

cides on the structure or functions of fish or mammalian skin have
been found in the literature; however,

it has been shown that prop

erties of insect exoskeleton ma y affect absorption of insecticides
(Metcalf,

1948; Matsumara and Hogendijk,

1964a and 1964b) and that

the skin of amphibians has cholinesterase content that is subject
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to inhibition by a number of organophosphate inhibitors
al.,

(Koelle, et:

1963).

Miscellaneous E f f e c t s :

Heightened Mucus Production

Although the relation to bluegill respiration is not clear,
the production of abnormally high amounts of mucus by the fish in
the tests with chlorinated hydrocarbon insecticides, of lesser amounts
by the fish subjected to organophosphorus insecticides, and even
lesser amounts by the controls in this study may have an indirect
bearing on oxygen consumption.

Doudoroff (1957) stated that a

material m a y be toxic to or elicit a physiological response in fish
by action on the skin, by the continual bathing of the gills and c o 
agulation of mucus in them,

or by in vivo reactions.

He also stated

that the internal action of most poisons in fish tissues probably
does not differ fundamentally from the action on the tissue of w a r m 
blooded or other terrestial vertebrates.

This would seem to infer

that the action of insecticides on fish should approximate those of
other vertebrates; however,

this comparison is valid only in the

broadest generalizations.
Lagler, et: hi.

(1962) described the mucus secretions from the

special mucous cells in fish epidermis as the protective material of
the gills and skin.

The mucus is sloughed off and carries with it

harmful organisms and irritants.

He also pointed out that the mucus

may coagulate and precipitate suspended solids in the water.

Van

Oosten (1957) stated that mucus is produced by simple epidermal cells
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that produce a glycoprotein, which with water forms mucus, and that
these cells may be distended to the shape of goblet cells by the
accumulated secretion; however, he did not comment on the rate of
mucus production.

He described that mucus of fish as being largely

albuminous in character and having in its chemical composition,
cholestrin, diaminophosphates

(a lecithin form of phosphatids), and

a betaine-like base; however, he did not give the chemical struc
tures or reactions of these materials.

Van Oosten also stated that,

even though the mucous secretion is protective,
the absorption of water,

salts,

it does not retard

or dissolved gases into the gills

or skin but is generally impermeable to organic compounds and ions.
Both Lagler and V a n Oosten described the functions of mucus as lubri
cation to reduce body friction in the water during m o v e m e n t s , p ro
tection from infection by parasites and disease organisms, and helping
in osmoregulation by p r e v e n t i n g .loss of water.
There was no difference pointed out in these two articles,
either in quantity or composition, between the mucus secreted at
the gill surface and at the skin surface.
secretion is identical at both sites.

It would seem that the

Westfall

(1945) attributed the

cause of death in goldfish subjected to sulfuric acid and lead n i 
trate to excessive formation and precipitation of mucus on the gills
thereby decreasing the permeability of the gills.

He ascribed the

death of fish exposed to lactic acid to systemic effects because
mucus was not precipitated on the gills.

A similar effect was noted

in the relative amounts of mucus secretions by the fish in this study.
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The chlorinated hydrocarbon insecticides caused greatly heightened
mucus secretion and the organic phosphorus insecticides caused secre
tions of amounts slightly greater than that in the controls.
It was noted that the fish subjected to the three chlorinated
hydrocarbon insecticides secreted mucus to the extent of coating the
inside of all the parts of the respirometer between the exposure
chamber and the siphon outlet

(See Figure I).

At times, this coat

ing was so thick and so opaque that only large air bubbles could be
seen.

E v e n though the small air bubbles inside could not be seen,

their presence could be detected by aberrations in the flow rate.
The effect of this secretion on test procedures has already been
described.

The amount of mucus secreted could be roughly measured

by the period of time necessary for the clogging of the apparatus.
i

In the controls,

this secretion was not great enough to clog any

part of the apparatus within the 48-hour test period.

In the

organic phosphorus insecticide tests, the clogging of the Monostat
needle valves,

the Flowrator flow meter, and the metering stopcocks

used early in this study to control the flow rate occurred once in
about 40 hours.

In the chlorinated hydrocarbon insecticide tests,

the clogging of these devices occurred once in every six to eight
hours.

Faster clogging occurred in the high e r concentrations than

in the lower ones.

Hold e n (1962) found that brown trout secreted

large amounts of mu c u S when exposed to DDT.
Wells

Carpenter (1927) and

(1935) reported similar effects by metallic salts.

Abegg

(1949) noted that during exposure to hypotonic inorganic salt
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solutions to which phenol red dye had been added that the bluegills
secreted large amounts of mucus.

He also reported that the skin of

the bluegills exposed to the salt solutions were dyed with the phe
nol red and that the skin of the fish in the control solutions con
taining the dye was easily cleaned of the dye by rinsing w i t h tap
water.
It seems proper to assume that the formation of large amounts
of m u c u s

in certain toxic solutions could be rapid enough to o ut

strip the replenishment,

thus leaving the skin unprotected and u n 

able to slow or prevent the absorption of additional amounts of
the toxic material.

This additional stress could cause an effect

on the over-all respiration of the animal.

Correlation o f the effect

noted above to other^possible effects is not now possible because no
studies have been found that give a means of measuring the mechanisms
or quantity of mucus secretion by fish.
Abnormally great secretions of mucus imply the same action by
the gills.

If this is true,

the effects of lowered oxygen consump

tion and anoxia described by Carpenter (1927) and Westfall

(1945)

may h a v e been shown in the data taken in this study; however, no
means is now available to distinguish this effect from the systemic
effects on bluegill oxygen consumption or to explain the h e i g h t e n 
ing of respiration in one chlorinated hydrocarbon insecticide and
the depression in another.

CONCLUSIONS

The continuous monitoring of the oxygen consumption of bluegill sunfish subjected to insecticides through a 48-hour test period
is feasible w i t h a flow-through respirometer utilizing oxygen elec
trodes and analyzers and strip-chart recorders.
The flow-through principle of the apparatus continually sup
plies a constant concentration of insecticides to the exposure chamber
containing the fish and may elicit responses not shown in single ex
posure doses.

Thus,

the flow-through method of the measurement of

physiological responses of fish is advantageous over static methods.
Each concentration of each insecticide tested evoked a d i f 
ferent oxygen consumption response in bluegill sunfish.

Correlations

of the responses measured in this study with those reported elsewhere
indicate that generalizations based on the responses of m ammals and
arthropods may not be made w i t h the effects of insecticides on fish
oxygen consumption.
The respiratory responses of bluegills to insecticides are
not explained by reports now available concerning fish metabolism.
Correlations to the responses of mammals and arthropods only p a r 
tially elucidate the responses of fish and may even give a ntithe
tical evidence and explanations.
Bluegills exposed to chlorinated hydrocarbon insecticides
secrete great amounts of mucus while those exposed to organophos
phorus insecticides secrete only slightly greater amounts than the
controls.
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SUMMARY

A flow-through respirometer was designed and built for the
measurement of the oxygen consumption of bluegill sunfish, Lepomis
macrochirus subjected to insecticides.
reservoir carboys,

This apparatus consists of

siphon pressure head flasks,

oxygen sensors and analyzers,

recorders,

chambers, and siphon control outlets.

oxygen probe cells,

flow meters,

exposure

Techniques of employing and

cleaning this apparatus are described.
Tests of the effects of three concentrations
5.0 parts per billion) of five insecticides
dane, malathion,

(0.1., 1.0, and

(chlordane, DDT,

and parathion) were conducted.

lin

The data obtained

were analyzed-statistically by factorial analysis of variance p r o 
cedures.

Statistical differences were noted between the over-all

effects of the insecticides on bluegill oxygen consumption, without
consideration of concentration and time; between the over-all effects
of the concentrations employed, without consideration of insecticides
and time; and between the effects of the three concentrations of the
five insecticides, 'without consideration of time.

No statistical

differences were shown in any comparison of elapsed time with the
concentration,

insecticides,

or concentrations of insecticides.

Wi t h chlordane, an "N-shaped curve" was noted in the c ompari
son of bluegill oxygen consumption versus concentrations of insecti
cides.

The "N-shaped curve" was characterized b y a relative
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h eightening of oxygen consumption in 0-1 ppb, a lesser increase in
1.0 ppb, and a second heightening in 5.0 ppb.

DDT elicited a r e 

sponse similar to that of chlordane in causing lower oxygen consump
tion in 1.0 ppb than in the other two concentrations but was different
in depressing bluegill oxygen consumption in all three concentrations
tested.

The fish exposed to lindane exhibited a similar, but less

acute, response to those exposed to DDT.

Malathion and parathion,

the two organic phosphorus insecticides tested, showed opposite effects
on fish oxygen consumption.
centrations

Malathion, at the lowest and highest con

tested, depressed oxygen consumption to a greater extent

than did the intermediate concentration.

In parathion,

the fish exhi

bited increased oxygen consumption in the lowest and highest concen
trations and depressed oxygen consumption in the intermediate
concentration.
Correlations of effects of insecticides reported in mammals and
arthropods, which have protective mechanisms such as excretion of the
insecticides and metabolites by the kidneys and the presence of enzymes
wh i c h metabolize the insecticides were made with the effects measured
in this study.

These mechanisms have not b e e n proved in fish but their

presence in several other animal groups implies that their existence
in fish is likely.
and mammals

Comparisons of similar research w i t h arthropods

to the data obtained in this study yields,

at best, p a r 

tial explanation of the data and m a y even show contradictory responses.
This correlation of effects of the insecticides on the systems of
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oth e r animals w i t h the effects noted in bluegills also showed that
m o r e research into the physiological mechanisms of fish must precede
the explanation of these e ffects.
The fish subjected to the chlorohydrocarbon insecticides
secreted large amounts of mucus whi c h interfered with certain pro
cedures in the operation of the respirometer.

The organophosphorus

insecticides caused only a slightly greater amount of mucus to be
secreted than in the controls.

Possible effects of this secretion

of mucus on the oxygen consumption of the fish are mentioned but
cannot be correctly evaluated because studies of the anatomy and
biochemical mechanisms of the skin of bluegills have not progressed
to a point at which this is possible.
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